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The structural specificity requirements of chymotrypsin have been well 
defined and reviewed by several investigators (1-3). As in the case of 
carboxypeptidase (4), the specific amino acid required in a substrate for 
chymotrypsin is tyrosine, tryptophan, or phenylalanine, in order of de- 
creasing susceptibility of their corresponding ester or peptide derivatives. 
The enzyme is reported to attack, in order of decreasing activity, either 
ester, hydroxamide, glycinamide, amide, hydrazide, or glycylglycylamide 
bonds involving the carboxyl group of the specific amino acid (3, 5). The 
presence of a free a-amino group in the vicinity of the susceptible bond is 
partially inhibitory to attack by chymotrypsin, and hence simple dipep- 
tides are not the most suitable substrates for the detection and estimation 
of the activity of this enzyme. On the other hand, if both a-amino hydro- 
gen atoms are replaced, as in the phthalimide derivative, all susceptibility 
to enzymatic hydrolysis is lost (6). It has generally been found that re- 
placement of 1 hydrogen of the a-amino group with benzoyl, nicotiny]l, 
acetyl, carbobenzoxyglycyl, or glycyl substituents leads, in order of de- 
creasing activity, to greater susceptibility to a-chymotrypsin (3). 

On the basis of the above information regarding the substrate specificity 
requirements of chymotrypsin, a series of synthetic compounds fulfilling 
these conditions, and at the same time incorporating a chromogenic group 
‘(8-naphthylamine or $-naphthol) in such a manner that it would be re- 
leased upon enzymatic hydrolysis of the parent compound, was prepared 
and characterized earlier (7). 2 moles of naphthol are coupled with 1 mole 
of tetrazotized diorthoanisidine, the resulting azo dye is extracted into 
ethyl acetate, and the color density is measured in a photoelectric colorim- 
eter (Klett). The azo dye principle of this method has been applied to 
the measurement of a number of other enzymes (4, 8-12). It is the purpose 
of this paper to describe studies on the synthetic substrates previously 
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reported (7), to report the synthesis of a new and more satisfactory chromo- 
genic substrate for chymotrypsin, to outline a highly sensitive method for 
the estimation of as little as 1 y of chymotrypsin, and to present the evi- 
dence for the specificity of the substrate-inhibitor system employed. 

Synthesis of N-Benzoyl-pu-Phenylalanine B-Naphthyl Ester'—vu-Phenyl- 
alanine (33 gm., 0.2 mole) in 100 cc. of cold 2 N sodium hydroxide was 
benzoylated (13) with 30 gm. (0.21 moie) of benzoyl chloride and 35 ce. 
of 6 N sodium hydroxide. After standing for 1 hour, the solution was 
acidified and cooled to 4°. The product was collected with suction and 
washed with cold water. It was crystallized from ethanol-water; m.p. 
187—188°; yield 48 gm. (90 per cent). 

N-Benzoyl-pt-phenylalanine (15 gm., 0.056 mole) and trifluoroacetic 
anhydride (16 gm., 0.073 mole) were warmed on a steam bath until a 
clear solution formed. The excess anhydride was then taken off at the 
water pump. §-Naphthol (8 gm., 0.056 mole) was then added, and the 
mixture was heated under gentle reflux on the steam bath for 30 minutes. 
To the solution, which at this time had an orange color, were added 30 
ee. of methyl alcohol. The product crystallized in short white needles. 
Recrystallization from hot ethanol gave 11.2 gm. of product (51 per cent 
yield) melting at 157—158°.? 


C2x6H210;N. Calculated, C 78.95, H 5.32; found, C 79.16, H 5.39 


Methods 


Fresh homogenates of liver and pancreas of the rat were prepared in a 
concentration of 1 to 2 mg. per cc. in 0.85 per cent sodium chloride solution, 
and the coarse particles were allowed to settle for 2 to 3 minutes. The 
supernatant solution was used for the estimation of enzymatic activity. 
Crystalline a-chymotrypsin‘: ° was dissolved in 0.85 per cent sodium chlo- 
ride solution in a concentration of 20 y per cc. These stock enzyme solu- 
tions could be stored at 4° at pH below 6 for 2 weeks without any signifi- 
cant loss of activity. 


1 All melting points are corrected. Microanalyses by Dr. 8. M. Nagy and Asso- 
ciates, Microchemical Laboratory, Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts. 

2? Two attempts were made to prepare the u isomer, starting with N-benzoyl-.- 
phenylalanine (14). Trifluoroacetic anhydride and ethyl chloroformate were used. 
In both instances racemization occurred. 

3 All reagents employed in this method may be obtained from the Dajac Labora- 
tories, Monomer-Polymer, Inc., 511 Lancaster Street, Leominster, Massachusetts. 

‘ Purchased salt-free from the Syn-Zyme Laboratories, Inc., 78 West 12th Street, 
New York 11, New York. 

5 Purchased salt-free from General Biochemicals, Inc., 677 Laboratory Park, 
Chagrin Falls, Ohio. 
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Crystalline “inhibitor-free” trypsin‘? was used for the conversion of 
enzymatically inactive chymotrypsinogen of the pancreas to active chymo- 
trypsin. 1 cc. of a freshly prepared solution of crystalline trypsin (0.1 
mg. per cc. in 0.1 m sodium diethyl barbiturate buffer, pH 7.8) was added 
to 1 ec. of tissue homogenate and incubated at 37° for 1 hour. The final 
concentration of trypsin in the activation mixture was approximately 
7 X 10-* mg. of protein N per cc., an amount calculated to produce 90 
per cent or greater conversion of chymotrypsinogen to a-chymotrypsin 
under these conditions (15). 

Increasing the concentration of crystalline trypsin, or prolonging the 
activation period, produced only very slight increases in the activity of the 
homogenates. The crude preparations of trypsin’ (concentrated 300 
times from bovine pancreas) could not be used for activation because they 
contained significant amounts of chymotrypsinogen, chymotrypsin, or es- 
terase, or all three enzymes, as impurities. In experiments with crystalline 
chymotrypsin no such activation was necessary. 

For routine assays of the chymotrypsinogen content of the pancreas 
(measured as chymotrypsin), the preparation of stock trypsin solution and 
of homogenates was modified to facilitate handling large numbers of speci- 
mens. The tissue was homogenized in 0.1 m sodium diethyl barbiturate 
buffer, pH 7.8, and the trypsin activator was dissolved in 0.0025 m hydro- 
chloric acid, resulting in pH 3.5. The trypsin solution was stable at 
this pH and at 4° for 1 to 2 weeks, and the buffer present in the tissue 
homogenate was sufficient to neutralize the hydrochloric acid introduced 
with the stock trypsin solution. 

The substrates were prepared in anhydrous acetone stock solutions in a 
concentration of 2 mg. per cc. These solutions could be stored at 4° for 
1 to 2 weeks without significant deterioration. The acetone stock solution 
(5 ec.) was added to 95 cc. of aqueous or 20 per cent methanolic buffer 
(0.1 m sodium diethyl barbiturate, pH 7.8), with swirling, just prior to use. 
The final concentration of the substrates was then 0.1 mg. per cc. Prior 
solution in acetone was required because of the low solubility of these 
substrates, as indicated by gross precipitation from distilled water or from 
buffer solutions in concentrations above 0.5 mg. per cc. 

Following a period of preincubation with crystalline trypsin in order to 
activate chymotrypsinogen, 100 y of soy bean trypsin inhibitor* were 
added, followed by 5 cc. of substrate buffer solution. The test-tubes were 

6 Enzar, purchased salt-free from the Armour Laboratories, 520 North Michigan 
Avenue, Chicago, Illinois. 


7 Purchased from the Mann Research Laboratories, 136 Liberty Street, New York 
6, New York. 


8 Purchased from the Worthington Biochemical Corporation, Freehold, New Jer- 
sey. 
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shaken to provide thorough mixing of the substrate and enzyme and incu- 
bated 1 hour longer at 4°. A control tube containing only the buffered 
substrate solution was introduced at this time and incubated simultane- 
ously with the enzyme-substrate tubes. 

At the end of the period of incubation, 1 cc. of a solution of tetrazotized 
diorthoanisidine® (4 mg. per cc.) was added to each test-tube and coupling 
allowed to proceed for 3 minutes. 80 per cent trichloroacetic acid (1 cc.) 
was then added in order to stop further hydrolysis of the substrate and to 
facilitate extraction of the dye into 10 cc. of ethyl acetate. The color 
density was measured with a photoelectric colorimeter (Klett) through a 
green filter (540 mu). A calibration curve for the conversion of optical 
density into mg. or micromoles of 8-naphthol was readily constructed 
within a range of 0.01 to 0.10 mg. with a stock solution of 8-naphthol to 
which was added a small amount of serum or tissue homogenate (1 to 2 
mg. of protein) in order to correct for the dye-binding capacity of proteins. 
Such a calibration curve, the visible absorption spectrum, and the struc- 
tural formula of the naphthyl azo dye were published in a method for 
serum lipase (8). When less than 200 y of tissue or protein enzyme is 
tested, the dye-binding correction is negligible and may be omitted. 


Results 


In Table I are listed the chromogenic substrates which were synthesized 
and tested for susceptibility to chymotrypsin and other enzymes. They 
all contain a specific amino acid moiety, phenylalanine, previously found 
to be required by chymotrypsin for near optimal activity (1-3), combined 
with a peptide bond (I, II, III, and V) or with an ester bond (VI, VII, 
and VIII) in the position of the susceptible linkage. 

Although two of the amide substrates (I, II) have absolute specificity 
for chymotrypsin, they are hydrolyzed very slowly. The amount of chy- 
motrypsin present in 1 to 2 mg. of activated crude pancreas homogenates 
is not sufficient to permit accurate estimation with these compounds. 
The minimal amount that could be detected by the use of these substrates 
was found to be 100 y of crystalline a-chymotrypsin. 

Introduction of a charged quaternary amine group into the susceptible 
substrate (I), as in compound V, led to complete loss of susceptibility to 
enzymatic attack. Interposition of an imine group between the a-carbon 
of phenylalanine and the peptide bond with 6-naphthylamine, as in the 
urea derivative (IV), led to an inactive product. When p-methoxyanisi- 
dine replaced 8-naphthylamine in III, enzyme susceptibility was lost. 

® Available in powder form containing 20 per cent tetrazotized diorthoanisidine, 


5 per cent zinc sulfate, and 20 per cent ammonium sulfate under the trade name du 
Pont naphthanil diazo blue B. 
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Finally it was noted that the L isomer (II) was no more susceptible to 
attack by chymotrypsin than was the racemic mixture (I), indicating that 
the presence of the p isomer in I was not inhibitory to the action of the 
enzyme on the L isomer. 


TaBLe I 
Compounds Tested for Susceptibility to Enzymatic Hydrolysis by Chymotrypsin 
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VII | Benzoylphenylalanine 8-naphthyl ester} “ (58.4 0 | 6.6)0 0.18 
VIII | Phthalylphenylalanine §-naphthyl Yr he 0|0 |0 
ester 




















* The purity of one trypsin preparation (Mann Research Laboratories) employed 
here was demonstrated to be 50 per cent by showing that it was completely inac- 
tivated by as little as 0.5 mg. of soy bean trypsin inhibitor per mg. of crystalline 
trypsin. 

¢ Rat liver homogenate was used throughout as the source of aliesterase. The 
lipase preparation was a partially purified, but not crystalline, steapsin. 

¢ The figures represent the proteolytic coefficient (based on logio calculated from 
a curve of hydrolysis over an hour period), which is generally cited as a rough meas- 
ure of the affinity of an enzyme for a particular substrate. C, is equal to the first 
order velocity constant of the enzyme-catalyzed reaction divided by the concentra- 
tion of enzyme in mg. of protein N perce. In the case of ester substrates it actually 
represents an esterolytic coefficient of the enzymes in question. Compounds I and 
II were hydrolyzed so slowly that the figures given are only approximate. 


The ester substrates (VI, VII) were rapidly hydrolyzed by chymotrypsin, 
but were also slowly hydrolyzed by fresh rat liver and pancreas homogen- 
ates, which presumably contain no active chymotrypsin. This suggested 
that aliesterase, and possibly pancreatic lipase, was partially responsible for 
the observed enzymatic hydrolysis of these substrates. Phthalyl-p.-phen- 
ylalanine 8-naphthyl ester (VIII), in which both a-amino hydrogens were 
replaced, was not attacked at all by crystalline chymotrypsin, confirming 
a previous observation on the methyl ester smnlogue (6). However, it 
was hydrolyzed by aliesterase. 
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The finding of rapid hydrolysis of the ester substrates (VI, VII) by 
chymotrypsin, combined with the observation of the much slower enzy- 
matic hydrolysis by aliesterase or by trypsin, indicated a relative rather 
than an absolute specificity of these substrates for chymotrypsin. How- 
ever, it appeared possible to measure chymotrypsin colorimetrically by 
following its esterolytic function toward a chromogenic ester made specific 
by including all the structural substrate requirements of the enzyme ex- 
cept for the substitution of an ester bond for the amide bond in the hy- 
drolyzable position. 

The finding that the N-benzoyl derivative (VII) was attacked 4 to 5 
times as rapidly as the N-acetyl substrate (VI) confirmed previous reports 
on the effect of N-benzoyl substitution on chymotrypsin substrates (3). 
It was of interest to note that the N-benzoyl-pt-phenylalanine 6-naphthyl 
ester was at the same time much less susceptible than the acetyl derivative 
to aliesterase. 

Extremely small quantities of crystalline chymotrypsin (0.5 to 1.0 y) 
may be assayed by the use of these ester substrates. In the assay of crude 
preparations, however, the interference by aliesterases and by trypsin had 
to be completely eliminated or reduced to a minimum in order to devise a 
reasonably accurate assay for minute amounts of chymotrypsin in the 
crude extracts. 

Attempts were made to eliminate interference by aliesterase with a num- 
ber of sulfhydry] inhibitors; viz., iodoacetic acid, N-ethylmaleimide, sodium 
arsenilate, 4-arsenosobenzoic acid, and methyl bis(8-chloroethyl)amine hy- 
drochloride. Chymotrypsin has been reported to be particularly resistant 
to the action of the nitrogen mustard (16, 17). Some aliesterases and pan- 
creatic lipase are reported to require SH groups for enzymatic activity (18), 
whereas chymotrypsin activity is unaffected by the state of its SH groups 
(19). However, no significant preferential inhibition of the aliesterases 
could be demonstrated with these agents. 

Chymotrypsin, however, has long been known to be relatively resistant 
to methanol, since many of its synthetic peptide substrates were insoluble 
in aqueous buffers and required methanol for solution. On the other 
hand, many other enzymes are denatured and inactivated by alcohols. 
Upon addition of 20 per cent methanol to aqueous sodium diethyl bar- 
biturate buffer (pH 7.8), the pH rose to 8.1 (glass electrode). This was 
readjusted to pH 7.8, for optimal activity of chymotrypsin, by addition of 
0.1 N hydrochloric acid. The pH-activity curve of chymotrypsin in meth- 
anolic medium exhibits a fairly sharp peak (Fig. 1). A final concentration 
of 20 per cent methanol (by volume) led to maximal inhibition of aliesterase 
activity, with no inhibition of chymotrypsin (Table IT). 

The chymotrypsin-catalyzed hydrolysis of a methanolic solution of 
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N-benzoyl-p.-phenylalanine 8-naphthyl ester proceeded as rapidly at 5-25° 
as did enzymatic hydrolysis of the aqueous substrate at 37°. Further- 





100 Fr 
90 + 
80 F 
7OF 
60 F 
SOF 
40F 
30 F 
20 F 
lor 
34567689 
PH 

Fic. 1. pH-activity curve of a-chymotrypsin on N-benzoyl-pu-phenylalanine 
B-naphthyl ester in 20 per cent methanol at 4°. Note the rather sharp peak of ac- 
tivity in the vicinity of pH 7.8 to 8.2. Therefore, the pH of the buffer should be 
carefully readjusted after the addition of methanol. 








PERCENT OF MAXIMAL ACTIVITY 

















TaBLeE II 
Effect of Methanol on Aliesterase and Chymotrypsin 
Chymotrypsin (10 )* Aliesterase (1 mg.)° 
Methanol mg. 6-naphthol Inhibition mg. 6-naphthol Inhibition 
mg. enzyme “mg. enzyme 
vol. per cent per cent per cent 

0 6.25 0.027 
10 6.51 0 0.015 44 
20 6.91 0 0.000 100 
30 2.14 66 0.000 | 100 











* Incubated 1 hour at 37° in methanolic solution of substrate adjusted to pH 7.8 
after addition of methanol. The figures shown represent mg. of 8-naphthol released 
from the substrate (VII) per mg. per hour at a substrate concentration of 0.1 mg. 
per cc. 


more, the enzymatic hydrolysis of methanolic substrate by chymotrypsin 
is faster at 5° than at 37°. This is probably due to a more rapid protein 
denaturation by methanol at the higher temperature. On the other hand, 
the combination of low temperature and high methanol concentration 
depresses aliesterase activity still further (Table III), and spontaneous 
hydrolysis of the substrate is markedly reduced. 
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Four commercial preparations of crystalline trypsin‘? were then assayed 
for activity against benzoyl-pi-phenylalanine 8-naphthyl ester under con- 
ditions that favored enzymatic hydrolysis by chymotrypsin alone (pH 7.8, 
methanol 20 per cent, temperature 4°). On the assumption that trypsin, 
per se, was incapable of splitting the substrate, all four preparations at- 
tacked the compound at a rate indicating contamination with 5 to 10 per 
cent (by weight) chymotrypsin. Addition of crystalline soy bean trypsin 
inhibitor, however, revealed that some of the preparations of trypsin were 
free of chymotrypsin (Table IV). The activity of 10 y of crystalline chy- 
motrypsin was unaffected by as much as 300 y of soy bean inhibitor, while 
the activity of 100 y of one trypsin preparation was completely eradicated 
by 50 y of inhibitor, another by 100 y of inhibitor but not by 50 y, and 











TaBLeE III 
Effect of Temperature on Aliesterase and Chymotrypsin 
vag ee ery (107) | Aliesterase (1 mg.) 
Temperature mg. S-naphthol on, | mg. B-naphthol |), 

mg. enzyme aa mg. enzyme : 

C. | | 
5 8.52* 0.00* 0.29t 

18 8.41 0.00 0.37 
25 8.45 | 0.00 | 0.41 
37 5.80 0.00 0.57 
45 | 5.20 | 0.00 | 0.55 





* The substrate employed was 0.1 mg. per cc. of N-benzoyl-pu-phenylalanine 
8-naphthy] ester in 20 per cent methanolic buffer. 
t The substrate was 0.1 mg. per cc. of 8-naphthy] acetate in aqueous buffer. 


the remaining two preparations still retained some activity even in the 
presence of 300 y of soy bean trypsin inhibitor. Since soy bean inhibitor 
and trypsin react in approximately a 1:1 weight ratio, trypsin which was 
inhibited by only half its weight of inhibitor was 50 per cent pure. The 
fact that some preparations were completely inhibited by trypsin inhibitor 
indicated that these were uncontaminated by chymotrypsin and that the 
observed hydrolysis was due to trypsin’ itself. 

A brief survey was conducted on the ability of various tissues to split 
N-benzoyl-pt-phenylalanine 8-naphthyl ester in 20 per cent methanolic 
buffer at pH 7.8 and 4°. Under these conditions large samples (1 to 2 mg.) 
of hepatic, renal, and pancreatic homogenates released between 0 and 3 y 
of B-naphthol per mg. of tissue per hour. This was equivalent to the ac- 
tivity of 0 to 0.1 y of crystalline chymotrypsin (0.01 per cent of wet weight 
of specimen) and was attributed to the presence of large amounts of ali- 
esterase not totally inhibited under the conditions of the test. 
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Of all the tissues tested, only the pancreas developed increased estero- 
lytic activity toward the substrate when the tissue was exposed to crystal- 
line trypsin, followed by crystalline soy bean trypsin inhibitor. A 100 to 
250 y aliquot of homogenized pancreas, on activation, provided the optimal 
amount of chymotrypsin for accurate quantitative assay, and the activity 
was expressed in terms of chymotrypsin activity by comparison with a 
standard calibration curve for crystalline chymotrypsin in the range of 1 
to 5 y of pure enzyme. Prior to activation this size of sample had no 











TaBLe IV 
Effect of Crystalline Soy Bean Trypsin Inhibitor on Trypsin and Chymotrypsin 
Soy bean | Trypsin A Trypsin B | Trypsin C | Trypsin D | Chy: ya 
inhibitor (0.10 mg.) (0.10 mg.) J (0.10 mg.) (0.10 mg.) | (0.010 mg.) 
— | @ per cent - ag. | | | per c cent ; mg. per cent  —-- | per cent) mg. | per cent 
| 
0 | 0.79 0.76 0.79 | 0.76 | | 6.73 
50 0.47 38 0.49 37 0.00 | 100 


100 0.09 88 0.30 61 0.00 100 0.00 100 | 6.36 5 
200 0.05 94 0.21 72 0.00 100 0.00 | 100 | 6.36 5 
300 | 0.04 95 0.16 79 0.00 | 100 0.00 100 | 6.73 0 





Trypsin A was purchased salt-free from the Syn-Zyme Laboratories, Trypsin B 
from General Biochemicals, Trypsin C from the Armour Laboratories, and Trypsin 
D from the Mann Research Laboratories. 

The figures in the left-hand column represent mg. of 8-naphthol released per mg. 
of enzyme per hour at a substrate concentration of 0.1 mg. per cc. The figures in 
the right-hand column represent per cent inhibition of activity compared with con- 
trol in absence of soy bean inhibitor. Only Trypsin D was inhibited by less than 
an equal weight of soy bean trypsin inhibitor, indicating 50 per cent purity. This 
preparation was the only one not known to be salt-free. 

* Incubated 1 hour at 4° in buffered 20 per cent methanolic solution of N-benzoyl- 
pu-phenylalanine 8-naphthyl ester adjusted to pH 7.8. The indicated amount of 
soy bean inhibitor was allowed to react with the enzyme preparation for approxi- 
mately 10 minutes before addition of the substrate. 


detectable esterolytic activity, but after activation the pancreatic ho- 
mogenate was capable of releasing between 150 and 300 y of 8-naphthol 
per mg. of tissue per hour. This is equivalent to an activity of 4 to 10.5 
y of crystalline chymotrypsin per mg. (0.4 to 1.05 per cent wet weight) of 
pancreas, in good agreement with reported yields of 0.7 per cent for isola- 
tion of chymotrypsinogen from beef pancreas (15). 

Enzyme Kinetics—Recrystallized a-chymotrypsin‘:* was used in the 
studies on the course of the enzyme-catalyzed hydrolysis and in the deter- 
mination of reaction constants. It has been shown that a-, B-, y-, and 
5-chymotrypsins have the same substrate specificity requirements (20) and 
may even exhibit the same proteolytic coefficients toward certain sub- 
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strates, although 6-chymotrypsin is generally the most active crystalline 
form (3). 

Although N-acetyl-p-tyrosylglycinamide has been reported to act as a 
competitive inhibitor for the L isomer (21), nicotinyl-pL-phenylalanyl-6- 
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Fig. 2. Effect of substrate concentration on chymotryptic esterolysis. The up- 
per curve represents micrograms of §-naphthol released per hour from acetyl-pL- 
phenylalanine 6-naphthyl ester plotted against the final substrate concentration at 
an enzyme concentration of 3.33 y per cc. in aqueous sodium diethyl barbiturate 
buffer at pH 7.8 and 37°. The lower curve represents micrograms of 8-naphthol re- 
leased per hour from benzoyl-pu-phenylalanine 8-naphthyl ester at an enzyme con- 
centration of 0.83 y per cc. in 20 per cent methanolic buffer (sodium diethyl barbit- 
urate) at pH 7.8 and 4°. The flattening of the lower curve is a reflection of the limit 
of solubility of the substrate under the conditions employed, rather than a limit to 
the capacity of the enzyme. 

Fig. 3. Effect of enzyme concentration on activity. O, results obtained with 
N-benzoyl-pu-phenylalanine 8-naphthyl ester in 20 per cent methanolic buffer at 4° 
and substrate concentration of 0.1 mg. per cc. The indicated amount of enzyme is 
dissolved in a final volume of 6 cc. @, results obtained with N-acetyl-pu-phenyl- 
alanine 6-naphthyl ester in aqueous buffer at 37° and substrate concentration of 0.1 
mg. per cc. The plateau reached by the N-benzoyl derivative is due to the lower 
solubility of the substrate. At low enzyme concentrations the relationship between 
enzyme concentration and 6-naphthol released is linear as a first approximation. 


naphthylamide (I), like most substrates for chymotrypsin, was susceptible 
only in the L-amino acid configuration, and the p isomer was not inhibitory 
(C, for I in Table I is based on the L isomer content of the racemate). 
The velocity constant'® of enzymatic hydrolysis of the acetyl derivative 
(VI) in aqueous medium, or of the benzoyl derivative (VII) in 20 per cent 
methanol, was independent of the concentration of substrate over a wide 
range (Fig. 2). Because of their limited solubility, the substrates were 


10 K = (1/minutes) log 10 (100/(100 minus per cent hydrolysis)). 
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tested in a concentration of 10-* to 10~ m, with a molar ratio of substrate 
to enzyme between 4 X 10° and 4 X 10’ (assuming a molecular weight of 
37,000 for chymotrypsin (15)). 

The rate of hydrolysis of these substrates was roughly proportional to 
enzyme concentration at low concentrations (Fig. 3), but the initial rate of 
hydrolysis was not determined at different enzyme concentrations. At a 
substrate concentration of 0.1 mg. per cc., total hydrolysis takes place 
within 60 minutes, with a final enzyme concentration of approximately 3 + 
per cc. Therefore, for accurate assay of chymotrypsin, the enzyme con- 
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Fig. 4. Course of enzymatic hydrolysis. The per cent enzymatic hydrolysis is 
plotted against time. The substrate is acetyl-pt-phenylalanine 6-naphthy] ester in 
a final concentration of 0.1 mg. per cc. with 1.67 y of crystalline a-chymotrypsin per 
cc. in 0.1 m sodium diethyl barbiturate buffer, pH 7.8 at 37°. Under these conditions 
total hydrolysis of the substrate (enzymatic plus spontaneous hydrolysis indicated 
by control tube) takes place within 2 hours. 


centration should not exceed this figure, and preferably should be substan. 
tially lower, or the period of incubation decreased. 

Enzymatic hydrolysis of an aqueous suspension of acetyl-pL-phenyl- 
alanine §-naphthyl ester or of a methanolic solution of benzoyl-pL-phenyl- 
alanine B-naphthyl ester proceeded according to apparent first order kin- 
etics (Fig. 4). The first order kinetics observed for many substrates have 
been tentatively attributed to accumulation of amino acid derivatives 
formed as by-products of hydrolysis (3). Although acylated amino acids 
can act as inhibitors of chymotrypsin (unpublished results), their affinity 
for the enzyme is small in comparison with the affinity of the ester sub- 
strates. The enzymatic hydrolysis of acetyl-pL-phenylalanine 6-naphthyl 
ester was only moderately inhibited by phenylpropionic acid and by several 
acyl peptides added at the start of the incubation period in amounts equiv- 
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alent to 4 to 10 times that which could be released on total hydrolysis of 
the substrate. Furthermore, the fraction of remaining intact substrate 
hydrolyzed per unit of time was constant throughout the entire reaction, 
indicating that no inhibitors were evolved in the course of the reaction. 


DISCUSSION 


The measurement of the esterolytic activity of chymotrypsin provides a 
much more sensitive method for the detection and estimation of this en- 
zyme than does measurement of its proteolytic activity. N-Benzoyl-pL- 
phenylalanine 8-naphthy! ester is hydrolyzed several hundred times faster 
than peptide or amide substrates for chymotrypsin, and approximately 20 
times faster than N-benzoyl-pL-phenylalanylhydroxamide, which has re- 
cently been employed in a method for assay of chymotrypsin (21). The 
method outlined here permits the measurement of chymotrypsinogen (ac- 
tivated to chymotrypsin) in tissue samples weighing only 0.1 to 1.0 mg. 
The hydroxamide method requires approximately 5 to 10 mg. of tissue 
sample for an equivalent degree of precision. 

The measurement of the end-product of the reaction by colorimetry 
enhances the ease of performance and precision of the analysis in com- 
parison with titrimetric techniques. The low optical density of control 
tubes and of non-activated tissues reduces the sources of error present in 
the hydroxamide colorimetric method, in which enzyme activity is deter- 
mined by difference between two readings of high optical density. 

Substitution of an ester substrate for a peptide substrate carries the 
disadvantage of loss of absolute specificity for chymotrypsin. However, the 
conditions outlined above for the assay of chymotrypsin reduce the activity 
of competing enzymes to such a degree that absolute specificity (for chymo- 
trypsin) is achieved even in the presence of large amounts of enzyme con- 
taminants. The specificity of the hydroxamide substrates for chymotryp- 
sin has not been reported. 

The action of crystalline chymotrypsin on the synthetic ester substrates 
is consistent with the known spectrum of activity of this enzyme. Sub- 
stitution of the N-benzoyl for the N-acetyl group in the substrate led to 
a 4-fold augmentation of susceptibility, as has been reported for the L-tyro- 
sine ester and amide derivatives (3). Each of two commercial preparations 
of three times recrystallized a-chymotrypsin was capable of hydrolyzing 
B-naphthyl acetate, although at only 1/200th the rate of attack on N-ben- 
z0yl-pL-phenylalanine 6-naphthyl ester. Although the possibility that 
the hydrolysis of 8-naphthyl acetate was due to a contaminating aliester- 
ase was not ruled out, the manner of preparation of the enzyme makes 
this unlikely. Nevertheless, it is obvious that susceptibility of the ester 
bond to chymotrypsin was conferred upon the substrate by the amino acid 
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moiety. The dependence of any significant degree of esterolysis upon the 
presence of a specific amino acid moiety adds further support to the evi- 
dence from experiments on competition and inhibition that esterolysis and 
proteolysis take place at the same active enzyme center. 

The diminished susceptibility of the N-benzoy] derivative to aliesterase, 
compared with the N-acetyl derivative, is probably due in part to the 
lower concentration of the former substrate in true solution. The dif- 
ference may also explain the observation that under certain circumstances 
the amount of §-naphthol released from a suspension of the N-benzoyl 
derivative may be less than that released from an equimolar concentration 
of the N-acetyl derivative, even though the N-benzoyl derivative is at- 
tacked much more rapidly. This suggests that the microcrystalline sus- 
pension formed in aqueous buffers does not come into equilibrium with the 
dissolved substrate rapidly, and, therefore, does not provide a reservoir 
maintaining a constant concentration of the compound in solution. 

With the aid of crystalline soy bean trypsin inhibitor, it has been dem- 
onstrated that some commercial preparations of crystalline trypsin may be 
contaminated with a small amount of chymotryptic activity that cannot 
be detected by less sensitive methods of assay. An alternative explana- 
tion may be that different preparations of crystalline trypsin vary in their 
sensitivity to the soy bean inhibitor. Evidence has also been presented to 
indicate that trypsin itself is capable of enzymatic attack on N-benzoyl- 
pL-phenylalanine 8-naphthyl ester. Thus, the spectrum of specific amino 
acid derivatives susceptible to attack by trypsin is broader than has been 
demonstrated by the use of peptide substrates alone. This observation, 
too, is largely attributable to the greater sensitivity provided by the chro- 
mogenic ester substrate. 

The ability of crystalline trypsin to hydrolyze benzoyl-pt-phenylalanine 
8-naphthyl ester, albeit only one-tenth as fast as chymotrypsin, is consid- 
erable. This is in contradistinction to most synthetic trypsin substrates, 
which require lysine or arginine as the specific amino acid; L-tyrosine ethyl 
ester, N-carbobenzoxy-O-acetyl-L-tyrosylglycine ethyl ester, and L-phenyl- 
alanine ethyl ester have previously been reported to be susceptible to 
crystalline trypsin, but at a rate too low to be measured (22). That obser- 
vation, however, did not materially affect the conclusion, in a recent review 
of its minimal structural requirements, that a trypsin substrate must have 
(1) a positive charge separated from the susceptible bond by a minimal 
distance of three carbon-carbon linkages, and (2) a polar group in the a 
position to the carbonyl group of the susceptible bond (3). The 8-naph- 
thyl ester described here does not fulfill these conditions and yet is sus- 
ceptible to the action of crystalline trypsin. It may be of interest to note 
that cross-reactivity of chymotrypsin and trypsin toward a single com- 
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pound has been reported previously for a typical trypsin substrate, a- 
benzoyl-L-arginine methyl ester (22). 

Although azo dye methods are generally readily adaptable to the histo- 
chemical demonstration of intracellular enzymes, this application is not 
possible in the case of chymotrypsin. As in the case of carboxypeptidase, 
for which an azo dye method was previously reported (4), the inactive 
precursor, chymotrypsinogen, is present within the cell. Conversion of 
chymotrypsinogen to active chymotrypsin requires proteolytic attack by 
trypsin, which simultaneously digests the cell wall and other cellular struc- 
tures, destroying visible cellular details. 


SUMMARY 


A colorimetric method, applicable on a micro scale, has been described 
for chymotrypsin. Crystalline chymotrypsin may be assayed directly, and 
crude tissue extracts may be analyzed under conditions which completely 
eliminate interference by competing enzymes. The method is suitable for 
routine assay of large numbers of specimens by virtue of the advantages 
inherent in colorimetry, the simplicity of technical operations, and the 
rapidity of enzymatic hydrolysis. 

It has been shown that some preparations of crystalline trypsin appear 
to be contaminated with chymotryptic activity in small amounts incapable 
of detection by less sensitive methods. Crystalline trypsin has been dem- 
onstrated to be capable of attacking an ester derivative of phenylalanine, 
although it is incapable of attack on the amide analogue. 
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A PROCEDURE FOR DETERMINATION OF THE 
RESPIRATION OF AVASCULAR AND POORLY 
VASCULARIZED TISSUE MEMBRANES* 


By JOHN ESBEN KIRK, PER FROM HANSEN, POUL G. EFFERS@E, 
AND KURT IVERSEN 


(From the Division of Gerontology, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, November 16, 1953) 


In a recent publication (1) from this laboratory a procedure for deter- 
mination of the respiration of tissue homogenates was reported. In the 
present communication the application of the technique to the determina- 
tion of the respiration of tissue membranes is described. 

In the homogenate method the respiration is determined by measuring 
the changes in the oxygen and carbon dioxide content of the homogenate. 
In the application of the proceduie to tissue membranes the changes in the 
gas concentration of the medium in which the membrane is suspended are 
determined instead. The Qo, and R. Q. of the tissue are calculated from 
the observed changes in the gas concentration of the medium, the fluid 
volumes present in the syringe during the experimental periods, and the 
dry weight of the tissue. 


Procedure 


Procedure B of the homogenate method as previously described (1) is 
used. Only those features by which the membrane technique differs from 
the homogenate procedure will be described. 

A pparatus—Besides glass syringes of 100 and 50 ml. capacity, syringes of 
30, 20, and 10 ml. volume are occasionally required. The smaller syringes 
are preferred for experiments in which the tissue membrane is suspended 
in a small volume of medium, because the finer graduation of the syringe 
makes possible a more exact recording of the fluid volume remaining after 
each sample withdrawal. 

For some membranes the use of a frame is necessary to keep the tissue 
distended. The authors have used a ring, 25 mm. in diameter, consisting 
of one turn of 1 mm. platinum wire and provided with four platinum points 
projecting from its periphery. The ring is pliable and sterilizable in a 
flame. Because the ring prevents the membrane from obstructing the out- 


* The investigation was supported in part by a research grant (No. PHS-891) 
from the National Heart Institute of the National Institutes of Health, United 
States Public Health Service. 
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flow from the syringe, the use of saddle chips is unnecessary. With some 
membrane preparations, for instance cylindrical arterial segments, the use 
of a ring is not necessary. 

Reagents—The reagents are the same as those used in the homogenate 
method. 

Preparation of Medium and Tissue Membrane for Experiment—The buffer 
medium is heated to 40° and aerated with oxygen for 2 minutes as described 
in the homogenate method. The membrane is isolated with sterile instru- 
ments, weighed, and, if necessary, attached to the platinum ring. It is 
then placed in the barrel of the glass syringe. It is convenient to store the 
sterile wrapped syringes in the thermostat at 37° until immediately before 
use. Blood adhering to the surface of the membrane is removed by rins- 
ing the membrane placed in the syringe barrel with successive 2 ml. por- 
tions of the medium. The desired amount of medium is then poured into 
the barrel and the plunger inserted. Any gas present is ejected, and the 
exposed part of the plunger and the upper part of the barrel are wrapped 
with sterile plastic surgical drape. The syringe is then placed in the ther- 
mostat at 37° and is rotated slowly along its axis, 15 to 30 minutes being 
allowed for temperature and diffusion equilibrium to become established 
before withdrawal of the first sample for analysis. 

Analytical Technique—The analytical technique is the same as that de- 
scribed for the homogenate method except that, after each transfer of a 
sample to the Van Slyke extraction chamber, the volume of solution re- 
maining in the syringe is recorded. In experiments in which the membrane 
is suspended in a small volume of medium, 0.5 to 1.0 ml. of the ferricyanide 
reagent and 1.5 to 1.0 ml. of the medium, respectively, may be employed 
for each analysis. In such cases the 2 ml. graduation mark of the extrac- 
tion chamber is used for measuring out the sample of medium. 

Permissible Membrane Thickness—In the application of the procedure to 
tissue membranes it is necessary to ascertain that the oxygen content of the 
medium does not fall below the value dictated by the thickness and respira- 
tory rate of the membrane. An equation for permissible thickness of tis- 
sue slices for given values of tissue respiration and oxygen content of the 
medium has been established by Warburg (2). 

It was found in the present study in parallel experiments on preparations 
of dog and human aortas (membrane thickness 1.1 to 1.7 mm., Qo, 0.04 
to 0.15) that the same respiratory rate was obtained when the tissue was 
suspended in samples of buffer medium containing, respectively, 1.6 to 1.9 
and 0.8 to 0.9 volumes per cent of oxygen. 

Time Required for Establishment of Diffusion Equilibrium—The time re- 
quired for establishment of diffusion equilibrium between compounds con- 
tained in the medium and the membrane can be calculated from the diffu- 
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sion coefficients of the compounds for the tissue and the thickness of the 
membrane by the equation given by Hill (3). Determinations of diffusion 
coefficients for human aortic tissue at 37° according to the method of Kirk 
and Johnsen (4) revealed average values for oxygen, carbon dioxide, bicar- 
bonate, and lactate of 0.00051, 0.00035, 0.00014, and 0.00011, respectively 
(5). According to Hill’s equation, for a membrane 1 mm. thick the time 
required for 93 per cent equilibrium would be 4.9 minutes for oxygen, 7.2 
minutes for carbon dioxide, 17.7 minutes for bicarbonate, and 22.7 minutes 
for lactate. 

Relation between Size of Tisswe Sample and Volume of Medium—Experi- 
ments were performed in which similar sized samples from the same aorta 
were suspended in widely varying volumes of medium. No significant 
difference in respiratory intensity was found with volumes of medium vary- 
ing between 10 and 70 ml. per gm. of fresh arterial tissue. Since a reduc- 
tion of Qo, with increasing medium volume has been reported for several 
other tissues (6), the permissible medium volume per weight unit of tissue 
should be established for each type of membrane investigated. 

Sensitivity of Method—With the use of large tissue samples and 9 ml. 
aliquots of medium for gasometric analysis the procedure permits measure- 
ment of Qo, rates as low as 0.01. 

Error Introduced by Gradual Release of Blood from Membrane to Medium— 
A gradual release of blood from the tissue to the medium during an experi- 
ment by increasing the oxygen content of the medium will result in the 
registration of a too low oxygen consumption by the membrane. it was 
found in experiments on rat diaphragms that the release of bloud, even 
from carefully rinsed diaphragms, was sufficient to introduce an appre- 
ciable error. For this reason the method cannot be recommended for use 
with highly vascularized membranes. 

Comparison of Results Obtained with Present Procedure and with Warburg 
Technique—In parallel experiments on the oxygen consumption by the 
mucous membrane of the rabbit urinary bladder a satisfactory agreement 
was found between values obtained with the present method and the War- 
burg technique. Thus the determination of the respiration by the syringe 
procedure gave a Qo, value of 0.51 whereas the mean Qo, of measurements 
with the Warburg method was 0.48. 


EXPERIMENTAL 


The protocol for an experiment illustrating the method for calculation 
of the tissue respiration is given in Table I. In recording the fluid volume 
present in syringe during each experimental period a correction is made for 
the volume of the tissue sample, the dry weight of which is subtracted from 
the observed fluid volume. 











20 DETERMINATION OF MEMBRANE RESPIRATION 


In a control experiment performed with the buffer medium alone over a 
3 hour period no change in the oxygen or carbon dioxide concentrations of 
the medium was found. 


TaBLe I 


Protocol and Calculation of Tissue Respiration 
The experiment was conducted on 615 mg. (dry weight) of thoracic aorta 2 days 
after the death of a 67 year-old human male subject. The medium employed was 
Krebs’ phosphate buffer with 0.2 per cent glucose. Sterility, as determined by bac- 
terial culture, was maintained throughout the experiment. Sample of medium used 
for analysis = 9.0 ml.; a = 0.5; S = 10.0 ml.; temperature = 24°. 





Time pi pe ps pi — pr COz po — pa Oz 





min. mm. | mm. mm. mm. vol. per cont mm. J vol. per cent 
0 442.7 | 429.2 147.4 13.5 0.113 281.8 1.899 

106 437.7 | 397.2 146.0 40.5 0.340 251.2 1.693 

186 432.6 365.8 147.4 66.8 0.561 218.4 1.472 








Calculation of respiration in first period, time = 106 minutes. Volume of medium 
in syringe, 58.5 — 0.6 = 57.9 ml. Decrease in oxygen concentration of medium, 
1.899 — 1.693 = 0.206 volume per cent. Oxygen consumed, 0.206 X 0.579 = 0.119 ml. 
Qo, = (119 X 60)/(615 X 106) = 0.11. Increase in carbon dioxide concentration of 
medium, 0.340 — 0.113 = 0.227 volume per cent. R.Q. = (0.227/0.206) = 1.10. 

Calculation of respiration in second period, time = 80 minutes. Volume of me- 
dium in syringe, 35.0 — 0.6 = 34.4ml. Decrease in oxygen concentration of medium, 
1.693 — 1.472 = 0.221 volume per cent. Oxygen consumed, 0.221 X 0.344 = 0.076 ml. 
Qo: = (76 X 60)/(615 X 80) = 0.09. Increase in carbon dioxide concentration of me- 
dium, 0.561 — 0.340 = 0.221 volume per cent. R.Q. = (0.221/0.221) = 1.00. 


DISCUSSION 


The present procedure possesses the advantage of a much higher sensi- 
tivity than the Warburg method and is therefore particularly suitable for 
investigations on membranes having a low respiratory rate. The method 
may also be applied to avascular organs like the animal lens. The further 
advantages of the syringe method have been discussed previously (1). 

For the study of rapidly respiring membranes the syringe procedure has 
the disadvantage that prolonged experiments cannot be undertaken with- 
out reaeration of the medium, because the tissue respiration quickly re- 
duces the oxygen concentration of the medium below the level required 
for supply of the central sections of the membrane with oxygen. The 
fact that most rapidly respiring membranes are highly vascularized pre- 
cludes in itself the use of the present method for such membranes. 


SUMMARY 


The procedure of Kirk and Hansen for measurement of the respiration 
of tissue homogenates has been applied to the determination of the res- 
piration of avascular and poorly vascularized tissue membranes. 
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The method is particularly suitable for investigations on slowly respiring 


membranes. 


on Ff WOW. 
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A NEW COLOR REACTION FOR KETO ACIDS AND 
OTHER CARBONYL COMPOUNDS* 


By ZACHARIAS DISCHE, RUDOLF WEIL, ann EDITH LANDSBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, October 19, 1953) 


It was found in 1934 (1) that pyruvic acid, methylglyoxal, acetol, and 
trioses on treatment at 0-20° with a-methylindole in 2 n HCl yield pink- 
colored products which can be extracted into chloroform. The application 
of this color reaction for quantitative determination of pyruvic acid in 
animal tissues was hindered by the presence of ferric ions and SH com- 
pounds. It was found later that, when FeCl; and SH compounds are 
simultaneously present in the solution in much higher concentrations than 
those found in animal tissues, the intensity of the color developed in the 
reactions is considerably enhanced and that the character of the color de- 
veloped depends upon the reactant. The present report deals with the use 
of this modified color reaction for the microdetermination of a-keto acids 
in animal tissues. 


EXPERIMENTAL 


Procedure—To 0.5 cc. of a solution containing 1 to 10 y per ec. of pyruvic 
acid are added 0.5 cc. of H2O and 0.5 ce. of a mixture of equal volumes of 
0.2 per cent FeCl,-6H.O and 3 per cent cysteine hydrochloride and 3 ce. 
of 3N HCl. The test-tubes are now immersed in a bath of ice and water, 
and 0.5 cc. of a freshly prepared 0.1 per cent solution of a-methylindole is 
added to each. After being shaken, the tubes, still in the bath, are kept 
for 24 hours in the refrigerator. It is important that sufficient ice remains 
in the bath so that the temperature does not locally rise above 0°. A pink 
color appears which nearly reaches its maximal intensity in the 24 hours. 
The mixture is left for a few minutes at room temperature, and its optical 
density is then determined spectrophotometrically against a blank. 

Specificity of Reaction—a-Ketoglutaric, oxalacetic, and oxalosuccinic 
acids produce the same (or a very similar) color that pyruvic acid does. 
Mesoxalic acid produces a purple color (Table I). Polyhydroxylic a-keto 
acids (2-ketogluconic, dehydroascorbic acid), succinic, fumaric, malic, cit- 
ric, lactic, isocitric, cis-aconitic acids, straight chain fatty acids, amino 
acids, sugars, hexuronic acids, and glucosone yield no color, even in solu- 
tions containing 1 mg. per cc. Aliphatic aldehydes produce a white tur- 


* This work was supported by a grant of the Life Insurance Research Foundation. 
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bidity which is removed by shaking with chloroform. On the other hand, 
short chain aliphatic a-ketoaldehydes or a-hydroxyaldehydes and ketones 
form colored products with a-methylindole and HCl. 


TaBLeE I 
Color Reactions of Various Compounds with Methylindole in 2 n HCl 

















Substance car ae Color Auten 
mg. per 100 ops 

Pyruvic acid 2 Light pink | 494 
Acetopyruvie acid 22.8 | Almost colorless | 330 
Acetaldehyde 1 | White turbidity 
Acetone 2 | Colorless 
Ascorbic acid 5 * | 
Dehydroascorbic acid | 10 | Almost colorless | 540 
Dihydroxyacetone | 10 | Colorless 
Glyceraldehyde 10 < 
Glycolic aldehyde 10 | Orange 480 
a-Ketogluconate | 10 | Colorless | 
Glyoxal 2 | Pink | 480 
Mesoxalic acid 5 Whe 530 
a-Ketoglutaric acid ae Bow | 494 
Phenylpyruvie ‘‘ | 10 | Purple | 330, 540 
Reductone | Deep purple solution ppt. 530 
Pyruvic aldehyde 10 | Purple; then turns yellow | 485, 410 
Oxalacetic acid | 2.5 | Pink 330, 494 
Oxalosucciniec acid (Ba salt) | 10 " | 494 
Parapyruvic acid (Ba salt + 33} 10 | Very slight (almost colorless) 494 

H,0) 
Benzaldehyde | 1 Purple | 520 

TaBieE II 


~ Ratio of Molar Extinction Coefficients at 494, 440, and 330 mp of Various Keto Acids 
to Corresponding Coefficients of Pyruvic Acid in a-Methylindole Reaction 

















Acid 4% €40 14 — €440 | €330 
a-Ketoglutaric................. 0.71 0.65 0.72 | 0.75 
ES 6404 scarcceakeet 0.37 0.39 0.38 | 0.95 
a. ee 0.49 0.36 0.54 | 
ROCOpyTUVIC.«... 6.55... 06004. 0.008 | 0.32 
Bo | 0.09 0.11 | 0.08 | 0.95 

| | 





Absorption Spectra—The pink reaction products of a-keto acids show a 
maximal absorption at 494 my, a minimum around 390 mu, and a strong 
absorption in the ultraviolet. The shape of the absorption curve is nearly 
the same for the products of reaction with pyruvic and a-ketoglutaric acids, 
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but the slope is much greater in the range 390 to 494 my for oxalosuccinic 
acid (Table II). In the case of oxalacetic acid the slope of the curve is less 
than for pyruvic acid and the absorption around 330 my is almost as great 
as at 494 my. This increase of the absorption in the ultraviolet may be 
characteristic for the configuration CO—CH,—CO, as it is particularly 
marked in the case of acetopyruvic acid, CH;—CO—CH:—CO—COOH. 
This compound does not produce the pink color with the maximum at 494 
my, but only a faint yellow color (at a concentration of 0.01 per cent), 
with one single absorption at 330 my. The purple colors produced by 
acetol, mesoxalic acid, and the glyoxals, which at low intensity can be 


TaBLe III 


Optical Densities at 494 and 440 mp and Their Differences in a-Methylindole Reaction 
at Various Concentrations of Pyruvic and a-Ketoglutaric Acids 














ae Acid Concentration Din X 10° Duo X 108 | ~~" 
mg. per 100 cc. 
I Pyruvie 1 276 145 131 
| 0.5 | 139 72 | 67 
| 0.25 68 35 33 
Il ee 2 | 489 178 311 
1 | 250 96 154 
Ill a 1 205 64 141 
0.5 106 ee) oil 67 
lV Ketoglutaric 4 365 86 79 
2 193 | 49 144 
V | ee 4 328 75 CO 253 
| 2 169 37 132 
| pray 86 19 67 


| ' 





mistaken for the color of a-keto acids, have absorption maxima around 
530 mu. The orange-yellow color of glycolic aldehyde and glyoxylic acids 
absorbs maximally between 480 and 485 mu. 

Sensitivity of Reaction—With pyruvic acid and with glycolic aldehyde 
the color is still visible at a concentration .of 1 y per ec. of the reaction 
mixture, with a-ketoglutaric acid at 2 y per cc., with oxalacetic, oxalo- 
succinic, mesoxalic acids, and acetol at 5 y per ce. 


Quantitative Determination of Pyruvic and a-Ketoglutaric Acid 


Determination in Pure Solutions—As can be seen from Table III, the 
optical density at 494 my (D494) of the pink reaction product of pyruvic 
and a-ketoglutaric acids is proportional to the concentration of the acid in 
the range between 2 and 20 y per cc. of the unknown. The concentration 
of these acids in the unknown can, therefore, be determined by comparing 
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its D4, against that of an appropriate standard. In general, however, it 
is more convenient to use as a measure of the concentration of the acids 
the difference of optical densities at 494 and 440 mu (Dig — Daao), which 
also is proportional to the concentration of the acids. With this procedure 
a better agreement is obtained between the optical densities of duplicates. 

General Procedure for Determination in Tissue Extracts—Trichloroacetic 
acid (TCA) or perchloric acid extracts should be used for the determination 
of a-keto acids in tissues. Metaphosphoric and tungstic acids interfere 
with the reaction, and deproteinization with Zn(OH)» leads to losses of 
pyruvic acid. TCA extracts as a rule contain substances which either 
depress or increase the color development by the a-keto acids. This diffi- 
culty is eliminated by using an internal standard. To prepare the latter, 
two 0.5 ce. portions of a solution of a-keto acid containing 1 or 2 y per 
ec. are added to two 0.5 ce. aliquots of the unknown. To two other ali- 
quots of the unknown 0.5 ec. portions of HO are added. Days, — Dayo of 
the last two samples is subtracted from D494 — Daao of the first two. This 
difference represents Ds — Ds for the standard. As the density of the 
color increases slightly at room temperature, it is necessary to read every 
sample of the unknown simultaneously with a corresponding sample of the 
internal standard. It is advisable to take only one of the duplicates of the 
blank, of the unknown, and of the internal standard out of the ice water 
at a time and leave them for a few minutes at room temperature and then 
make the reading. 


Detection of Glycolic Aldehyde, Triose, and Ketoaldehydes in 
Presence of a-Keto Acids 


If substances which interfere with the reaction of a-keto acids are present 
in the unknown, it will sometimes be possible to correct for their influence 
by first determining their nature and then their concentration in the un- 
known. For this purpose the effect of alkali on the a-methylindole reac- 
tion of some of these substances can be used to advantage. When 0.5 ce. 
of N KOH (instead of 0.5 ec. of HO) is added to 0.5 ec. of the unknown 
and the mixture left for 20 minutes at room temperature prior to the per- 
formance of the a-methylindole test, the colors produced with a-keto acids, 
glyoxylic acid, and acetol are unaffected. In the case of glycolic aldehyde 
and glyoxal and its homologues, however, a yellow color replaces the orange 
and purple colors which appear without alkali treatment. This yellow 
color also appears when a solution of 0.01 per cent triose is treated with al- 
kali. At the same time a new absorption maximum appears around 410 
mu. The effect of alkali on the a-methylindole reaction of the above 
substances becomes still more pronounced when the reaction mixture is 
allowed to stand for 24 hours at 0° and then for 1 to 2 hours at room 
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temperature. The yellow color disappears and is replaced by a purple 
color, the intensity of which reaches a maximum and then decreases. 
The absorption maximum shifts continuously towards the red end of the 
spectrum and finally reaches a maximum at 560 mu. The maximal color 
intensity is reached faster with glycolic aldehyde than with the other 
substances and is still pronounced at a concentration of 5 y per cc. The 
color is strongly depressed, however, when the concentration of TCA in 
the reaction mixture is above | per cent. By using perchloric acid instead 
of TCA for the deproteinization, it is possible to increase the sensitivity 
of the test for glycolic aldehyde or triose about 5-fold by taking 2.5 cc. 
of the HClO, filtrate instead of 0.5 cc., adding 0.5 of 3 Nn KOH or H,0, 0.5 
ec. of a mixture containing 0.25. per cent FeCl;-6H2O and 3.5 per cent cys- 
teine hydrochloride, and 1 ec. of 9 N HCl. 


DISCUSSION 


The possibility of applying the methods described here to the quanti- 
tative determination of a-keto acids is subject to certain limitations. Asa 
number of a-keto acids occurring as intermediates in cellular metabolism 
react with a-methylindole and their extinction coefficients differ from each 
other, the quantitative determination of an individual a-keto acid will be 
possible only when the a-methylindole method is combined with other 
more specific procedures. The combination, for example, of Straub’s (2) 
method for the determination of pyruvic acid with the a-methylindole 
method will permit the determination of a-ketoglutaric or oxalacetic acid 
and pyruvic acid in presence of one another. However, the procedure of 
Straub (2), which is not interfered with by oxalacetic or a-ketoglutaric 
acid, is less sensitive than the a-methylindole method. The a-methylin- 
dole reaction can be employed with advantage in combination with the 
widely used procedures for the determination of pyruvic acid based on the 
evaluation of the color of its dinitrophenylhydrazone (3) in those cases in 
which the presence of aliphatic aldehydes requires the use of more elabo- 
rate extraction procedures. These aldehydes in low concentrations will 
not interfere with the a-methylindole reaction. Furthermore, the latter 
reaction can be used to advantage in experiments in which the metabolism 
of a specific a-keto acid is studied which is not preformed in the substrate 
but is added to it. The a-methylindole reaction, finally, can be useful for 
the detection of certain carbonyl compounds in tissue extracts. The devia- 
tion of the ratios of Dag, to D4so, Dago, and D530 from those characteristic 
for pyruvic or a-ketoglutaric acid will immediately reveal the presence of 
other carbonyl compounds. 

Preliminary experiments have shown that when blood of human beings 
is obtained directly from the vein the concentration of pyruvic acid indi- 
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cated by the a-methylindole reaction varies between 8 and 12 y per cc. 
These values are in full agreement with those obtained by the dinitro- 
phenylhydrazine method. The ratio of the optical densities Day and D44o 
obtained from application of this reaction to these blood filtrates is identi- 
cal with that for pyruvic acid. If, however, the blood is taken from the 
finger-tip, where it is contaminated by tissue fluid, the total color value is 
much higher, and the ratio D4: Das is much lower than that for pyruvic 
acid, indicating the presence of other carbonyl compounds derived from 
tissue fluid. In experiments with rabbits, rats, and mice the blood ob- 
tained directly from the vein or from the heart also showed much lower 
values and higher ratios, Digi: Dso, than blood obtained from the skin 
capillaries. 


SUMMARY 


1. New color reactions of a-keto acids, a-keto- and hydroxyaldehydes 
with a-methylindole and HCl are described. 

2. The application of these reactions for the detection and quantitative 
determination of these substances is discussed. 
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NITROGEN FIXATION BY EXCISED SOY BEAN ROOT 
NODULES* 


By M. H. APRISON,t WAYNE E. MAGEE,t anv R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, November 20, 1953) 


Workers have attempted to show nitrogen fixation by excised legume 
nodules since nodules were first implicated as the seat of fixation by the 
symbiotic system. The earlier work reviewed by Wilson (1) was largely 
inconclusive. It was hoped that consistent fixation might be detected by 
the highly sensitive isotope method, but Burris ef al. (2) observed only oc- 
casional positive fixation when they used N»"® as a tracer with excised 
nodules from cow-peas, soy beans, and Canada field peas. Machata et al. 
(3) added organic acids or excised leaves and stems, which might be ex- 
pected to supply needed substrates to the nodules; however, only 3 per cent 
of the tests were positive. Tove et al. (4) attempted to sterilize the surface 
of nodules before supplying them with N,"; fixation of nitrogen was seldom 
obtained, and the sterilization procedures did not always remove Clostrid- 
ium sp. capable of nitrogen fixation. 

Consistent evidence of fixation of nitrogen by excised nodules was finally 
obtained (5) by rapid exposure of field-grown soy bean nodules to N2'* and 
analysis of only their acid-soluble portion. The time-course of the fixa- 
tion made it extremely unlikely that the fixation arose from bacterial con- 
tamination. This paper describes further studies undertaken to clarify 
the fixation process in excised nodules. 


Methods 


General—Inoculated soy bean seeds of Blackhawk, Hawkeye, and Lin- 
coln varieties were planted at intervals during the spring and summer in a 
field plot. The plants were brought into the laboratory with most of the 
soil still intact around the roots. The nodules were rapidly removed and 
sized through a cascade of four plastic cups, the bottoms of which contained 
holes of graded sizes. 

An initial experiment showed no loss in activity from washing the nod- 
ules in ice water; accordingly all of the sized nodules were washed and 
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held in ice water until they were weighed for addition to Warburg flasks 
(usually 1 to 3 gm. of nodules was added to a flask). When desired, 
weighed amounts of nodules were sliced free-hand, with a single razor 
blade or with a gang of six razor blades, into a dry Petri dish supported 
on chipped ice. Runs were made for 1 or 2 hours with a Warburg respirom- 
eter (5). The gas mixtures for all of the experiments consisted of 10 per 
cent N»'> (containing 31 atom per cent N' excess), 20 per cent Os, and 70 
per cent He. After the desired exposure to N;'*, the nodules were ground 
in a glass mortar with 5.0 ml. of 3.0 Nn HCl. The mortar was rinsed with 
two 5.0 ml. portions of HCl, and the pooled fractions were centrifuged to 
remove insoluble material. The supernatant fluid was decanted directly 
into a Kjeldahl flask and digested (6). The ammonia distilled from the 
sample was converted to Nz and analyzed with a mass spectrometer. 

The effect of temperature on fixation was determined by running a series 
of flasks in a Warburg bath at a given temperature and comparing the 
fixation with that obtained simultaneously with nodules in a reference bath 
at 23.4°. The fixation at 23.4° was accepted as a standard for comparison 
between runs. 

Free Components of Nodules—In Experiment 1, the acid-soluble portions 
from many | hour runs with N»'> were combined, and protein was precipi- 
tated with 30 per cent basic lead acetate. After the precipitate was cen- 
trifuged and washed once in water, the combined supernatant fluids were 
treated with H.S to remove lead. The combined filtrate and washings 
from the PbS were concentrated almost to dryness under a vacuum. Ad- 
dition of water and vacuum distillation were repeated several times. The 
final residue was taken up with a known volume of water and applied to a 
55 X 5.5 em. column of Dowex 50. The method of Stein and Moore (7), 
was employed, with some modifications (8). Each fraction was analyzed 
for amino nitrogen with ninhydrin (9), and for ultraviolet-absorbing com- 
ponents by measurement at 260 and 280 mu with a Beckman model DU 
spectrophotometer (8). 

The ninhydrin-positive components were identified by their position of 
elution from the column and by paper chromatography. The ultraviolet- 
absorbing components were identified by comparison of their absorption 
spectra with those of known compounds, and by their movement on paper 
chromatograms with several solvent systems (10, 11). Appropriate frac- 
tions from the column were pooled and analyzed for N™. 

In Experiment 2, the nodules were ground in the cold with sand after a 
1 hour exposure to N2'®. Cold, 0.067 m phosphate buffer (pH 6.5) was 
added, and the mixture was heated rapidly to 80° on a boiling water bath; 
the mixture was cooled rapidly to prevent the hydrolysis of glutamine. 
Insoluble material was sedimented by centrifugation in the cold, and the 
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supernatant fluid was stored at 0°. A portion of this heat-treated material 
was analyzed for free ammonia, and for amide nitrogen of glutamine and 
asparagine by the method of Pucher et al. (12) and Vickery et al. (13). 


TaBLe I 
Effect of Size of Excised Soy Bean Nodules on Their Fixation of Nitrogen 





Diameter | Atom per cent excess N15 
mm. | 
| 0.241 
0.248 
0.192 
0.238 
4-5 | 0.108 
| 0.138 
<4 0.068 
0.099 


5-6 


Lincoln variety soy beans; age from date of planting, 63 days; 3 gm. of wet weight 
per flask; temperature, 23.3°; 2 hours exposure to N.'5; nodules washed and 0.5 ml. 
of H.O added per flask. 




















TasB.eE II 
Effect of Slicing Excised Soy Bean Nodules on Their Fixation of Nitrogen 
Treatment Atom per cent excess N15 
Whole nodules, 0.5 ml. H.O per flask 0.410 
| 0.482 
Nodule slices, no water 0.106 
| 0.102 
¥ ** 0.5 ml. H.O per flask | 0.024 
0.034 
Crushed nodules, no water 0.009 
0.009 


Lincoln variety soy beans; age from date of planting, 71 days; 2 gm. of wet weight 
per flask; nodules washed; nodules between 5 and 6 mm. in diameter; temperature, 
23.7°; 2 hours exposure to N2!%. 








The remaining material was treated with 30 per cent basic lead acetate as 
in Experiment 1. Separation on Dowex 50 was discontinued after elution 
of the glutamic acid peak. 


Results 


Table I shows the effect of nodule size on fixation; Table II, the effect of 
slicing and crushing the nodules. Addition of water to the nodule slices 
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reduced the fixation to a third or fourth that observed without added 
water. 

Table III gives the results of some typical experiments with added sub- 
strates and cofactors. 0.1 M a-ketoglutarate was made up in 0.067 m phos- 
phate buffer and the pH adjusted to 6.5. Boiled nodule extract was pre- 


TaB.Le ITI] 


Effect of Added Substrates, Cofactors, Extracts, Vitamins, and Cysteine on Nitrogen 
Fization by Slices of Excised Soy Bean Nodules 





Treatment Atom per cent 





excess N15 
1. Nothing added 0.035 
0.032 
2. 1 ml. 0.1 m a-ketoglutarate 0.010 
0.012 
3.1 “‘ boiled nodule extract 0.015 
0.010 
4. 1 mg. crude coenzyme A, 1 ml. H.O 0.009 
0.015 
5. 0.1 mg. crude coenzyme A, 0.5 ml. 0.1 mM a-ketoglutarate 0.011 
6. Nothing added 0.109 
0.119 
7. 0.5 ml. 0.01 m cysteine 0.035 
8. About 1 mg. yeast extract 0.029 
9. 0.5 ml. fresh nodule extract 0.019 
10. 0.5 ‘ - aa ‘* about 1 mg. cysteine 0.014 
11. 0.5 ‘* 0.1 mM succinate 0.024 
2:05 “ €2" ”" small amount each of thiamine, ribo- 0.019 
flavin, biotin 
13. 0.5 ml. 1% arabinose, about 1 mg. yeast extract 0.017 





Treatments 1 to 5 on Hawkeye variety soy beans; age from date of planting, 80 
days; 2 gm. of wet weight per flask; nodules washed; nodules between 5 and 6 mm. in 
diameter; temperature, 22-24°; 2 hours exposure to N2!5. 

Treatments 6 to 13 on Blackhawk variety soy beans; age from date of planting, 
56 days; 1.5 gm. of wet weight per flask; nodules washed; nodules between 5 and 6 
mm. in diameter; temperature, 21-24°; 2 hours exposure to N2}5. 


pared by boiling 50 gm. of fresh nodules in 100 ml. of water for 5 minutes. 
The mixture was ground in a mortar, boiled a few more minutes, and cen- 
trifuged. The supernatant fluid was frozen and stored until needed. A 
fresh nodule extract was prepared by grinding fresh nodules in a mortar 
with a little water and centrifuging the mixture at low speed; the superna- 
tant fluid was used immediately. Armour’s liver coenzyme concentrate, 
containing coenzyme A, diphosphopyridine nucleotide, and triphospho- 
pyridine nucleotide, was used where crude coenzyme A is indicated. All 
other solutions were made up in water and adjusted to pH 6.5. 
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Other tests were made with added Mg*+ and adenosinetriphosphate, or 
pyridoxal phosphate, or flavin monophosphate. Nodules were also sliced 
in the absence of oxygen and incubated with cysteine and with cysteine 
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Fic. 1. The effect of temperature on fixation of nitrogen by excised soy bean 
nodules. Hawkeye variety soy beans; age from date of planting, 63 to 65 days; 3.5 
gm. of wet weight of nodules per flask; 1 hour’s exposure to N,'*; nodules washed and 
0.5 ml. of H,O added per flask. Runs were made simultaneously at 23.4° and at 
another temperature so that comparisons could be made between runs. In Fig. 1, A 
the per cent nitrogen fixation at various temperatures relative to the maximal fixa- 
tion at 25° is plotted; the number at the base of each vertical line indicates the num- 
ber of samples analyzed. In Fig. 1, B the same data are represented by a plot of the 
log of the relative fixation against the reciprocal of the absolute temperature. 


plus thiamine, riboflavin, and biotin. None of these procedures stimulated 
fixation of nitrogen. 

Effect of Temperature on Fixation of Nitrogen—In Fig. 1, A the per cent 
nitrogen fixation at various temperatures relative to the maximal fixation 
at 25° is plotted. The whole nodules were exposed to N,'* for an hour, 
and only the acid-soluble material was analyzed for N'®. The vertical 
lines represent the standard deviation of the points from their mean. 
Thirty-four points were used to establish the curve, and the number of 
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samples at each temperature is indicated at the base of the vertical lines, 

The atom per cent excess N'® in the samples ranged from 0.009 to 0.069. 
Fig. 1, B shows the same data represented by a plot of the log of the 

relative fixation against the reciprocal of the absolute temperature. At 


optical density 
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Fic. 2. Free soluble nitrogenous compounds from excised nodules separated on a 
column of Dowex 50; Experiment 1. 


higher temperatures (lower values of 1/7’) inactivation is apparent; the 
remainder of the plot shows two distinct slopes. 

Free Components of Nodules—In Experiment 1, 82.8 mg. of soluble nitro- 
gen containing 0.180 atom per cent N’ excess remained after precipitation 
with 30 per cent basic lead acetate. This entire soluble fraction was 
placed on a Dowex 50 column, and components were separated as shown 
in Fig. 2; not all of the peaks were completely identified. Peaks 1 to 3 
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were complex and yielded smears instead of well defined spots on paper 
chromatograms. After hydrolysis in 6 N HCl, a ninhydrin-positive com- 
pound, which proved to be glutamic acid, could be demonstrated from 
each of the three peaks; Peak 1 gave only a trace, but Peak 3 yielded a large 
glutamic acid spot. Examination of the paper chromatograms with ultra- 
violet light revealed two fluorescent spots from Peak 1, seven spots from 
Peak 2, and twelve spots from Peak 3. Asparagine was separated from 


TABLE IV 
Concentration of N'* in Free Nitrogenous Components from Excised Soy Bean Nodules 
Exposed to N25 for 1 Hour 
The compounds were separated on a column of Dowex 50; Experiment 1. 





= 3 a Atom per : ? | Atom per 
Ninhydrin-positive peaks cent N16 Ultraviolet-absorbing peaks cent N'5 
excess | | excess 
Glutamic acid 1.172 1 (2 components) * 0.102 
Serine-threonine 0.235 2 (8 = }? 0.170 
Peak 7 0.138 3 (12 " a 0.354 
Ammonia 0.127 4 0.104 
Asparagine amide N 0.110 6 (2 components) 0.109 
Glycine 0.109 8 (ammonia removed) 0.059 
Leucine 0.095 Cytosine | 0.034 
Peak 12 0.093 Ot 0.084 
Alanine 0.089 11 0.026 
Lysine 0.069 Guanine 0.164 
Isoleucine 0.066 Adenine 0.034 
Asparagine amino N 0.058 15 0.058 
Peak 13 0.055 
Histidine 0.050 
Peak 10 | 0.049 
Aspartic acid | 0.049 
Peak 5 | 0.025 








* After hydrolysis (contained glutamic acid). 
t Probably 5-methylcytosine. 


the dicarboxylic acids on a column of IR-4B. The isolated asparagine was 
hydrolyzed, and the amide nitrogen was determined by distilling the am- 
monia under a vacuum. Unknown Peaks 10, 11, 12, and 13 were mixtures; 
Peak 12 contained some arginine and Peak 13 some citrulline. Table IV 
records the N'® analyses of the components from this column. Glutamic 
acid had the highest concentration of N". 

The free ammonia and the glutamine and asparagine amide nitrogen 
were recovered from soy bean nodules of Experiment 2 as described under 
“Methods.” The soluble fraction contained approximately 80 mg. of total 
nitrogen, and of this 0.37 mg. of nitrogen was recovered as free ammonia, 
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0.19 mg. as glutamine amide nitrogen, and 1.07 mg. as asparagine amide 
nitrogen. The respective atom per cent N' excesses in these fractions 
were 0.024, 0.028, and 0.024. 

The remainder of the nodule extract from Experiment 2, which had been 
treated with 30 per cent basic lead acetate, contained 92 mg. of nitrogen 
of 0.037 atom per cent excess N'®. The fractionation of this material on a 
column of Dowex 50 was terminated when glutamic acid had been eluted. 
Serine and asparagine came off this column together, but a complete sepa- 
ration of glutamic acid was obtained. The fraction containing serine and 
asparagine was hydrolyzed in 1 nN HCl, andthe serine and released am- 
monia were separated from aspartic acid with the aid of an IR-4B column. 
The ammonia was separated from serine by vacuum distillation. The N™ 


TABLE V 


Concentration of N'> in Free Nitrogenous Components from Soy Bean Nodules Exposed 
to N2'5 for 1 Hour 


The compounds were separated on a column of Dowex 50; Experiment 2. 





Compound Atom per cent excess N15 
age EES eb or ale a te eae ot 0.126 
Spare es ae setae ae m 0.090 
Aspartic acid...... oe ee 0.074 
Cre ek. ee elena het athe logs Hee ens 0.049 
WI e555 5co5s cask were OTE Perey eee oe 0.020 





* Recovered from asparagine. 


concentration of this amide nitrogen from asparagine provides a check for 
the value obtained earlier by direct hydrolysis of the original heat-treated 
material. Table V lists the atom per cent excess N'® in the components 
separated in Experiment 2. 


DISCUSSION 


Nodules from 5 to 6 mm. in diameter were the largest ordinarily found 
on the varieties of soy beans used. Markedly better fixation was observed 
with this size than with smaller nodules, an observation which verifies the 
data of Chen and Thornton (14) that large nodules contain a larger propor- 
tion of tissue active in nitrogen fixation than do small nodules. 

As intact nodules may permit very limited uptake of added compounds, 
nodule slices were used to test the effect of furnishing various substrates 
and cofactors which conceivably might enhance nitrogen fixation. The 
striking decrease in fixation resulting from the addition of 0.5 ml. of water 
to the nodule slices suggests that some essential factor or combination of 
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factors was diluted until it limited nitrogen fixation. Of the many sub- 
stances added to the sliced nodules, none increased the observed fixation 
significantly. These data do not prove that the compounds tested are 
unimportant in the fixation process, for even the cells of sliced nodules may 
be impermeable to them. However, any substrate supplied by the host 
plant would necessarily pass similar permeability barriers. Furthermore, 
the deleterious effect of added solutions indicates that the compounds criti- 
cal for supporting nitrogen fixation pass readily from the cell. Among 
other explanations, the failure to enhance fixation might be attributed to 
the addition of the wrong compounds or to the addition of the right com- 
pounds at an unfavorable pH or concentration or in improper combina- 
tions. 

Nodules of nearly the same age, but from different plantings or varieties, 
showed large variations in nitrogen-fixing ability. This is illustrated by 
the spread of the individual points at each temperature in Fig. 1, A. The 
average values, however, describe a smooth curve. Although little theo- 
retical significance can be attached to the observed energy of activation for 
such a complex system, the slope at low temperatures in Fig. 1, B was 
—4.5 X 10, which gives a value of about 10 kilocalories for the energy of 
activation in this region. The slope of —2.4 X 10* at intermediate tem- 
peratures corresponds to approximately 5 kilocalories for the energy of ac- 
tivation. At still higher temperatures, a sharp inactivation occurred. 

Table IV shows that, among the amino acids isolated, glutamic acid had 
the highest concentration of N', followed by the serine and threonine frac- 
tion. Ammonia was fourth highest and aspartic acid was notably low in 
N' concentration. In Experiment 2 also (Table V), the free glutamic acid 
had the highest N'® concentration. Here, however, the amino nitrogen 
from asparagine had twice the N’® concentration of serine. 

The “free ammonia” (0.024 atom per cent N'® excess) had an N'® concen- 
tration only one-fifth that of the glutamic acid isolated from the column. 
Amide nitrogen showed an N*® concentration similar to that of the “free 
ammonia,” with which it might be expected to be in approximate equi- 
librium. A third experiment was performed with more active nodules; 
the heat treatment of Experiment 2 was omitted, and the free ammonia 
was distilled immediately after 60 minutes exposure of the nodules to N»"* 
and grinding in the cold. The treatment otherwise was similar to that in 
Experiment 2. The atom per cent excesses observed in the free compo- 
nents were as follows: free ammonia, 0.106; glutamine amide N, 0.107; 
asparagine amide N, 0.067; aspartic acid (plus asparagine amino N), 0.127; 
glutamic acid, 0.310; serine (plus threonine), 0.128. If ammonia is an 
intermediate in nitrogen fixation and is used to form glutamic acid, the N'® 
concentration of the free ammonia should be as high as or higher than that 
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of the glutamic acid. In Experiment 1, the possibility of hydrolysis can- 
not be excluded, as the conditions were sufficiently drastic to hydrolyze 
glutamine and perhaps other compounds. However, it is doubtful that 
hydrolysis occurred before the ammonia was distilled in Experiments 2 and 
3. The ammonia recovered in Experiment 2 represents only about 30 y of 
N per gm. of fresh nodules; apparently the reactions incorporating ammonia 
into organic compounds are very rapid, and hence little excess free am- 
monia accumulates to be excreted, in contrast to cultures of Clostridium 
pasieurianum (15). The nodule is relatively complex and consists both of 
senescent tissue, which does not fix nitrogen, and of active tissue. It is 
characteristic of many senescent tissues that they liberate ammonia cata- 
bolically in proportionately greater quantities than they liberate free amino 
acids. It is unlikely that the ammonia from senescent nodule tissue equi- 
librates rapidly with newly formed ammonia in the active tissue; however, 
when the nodules are ground, the ammonia from the two pools is mixed. 
This mixing, which could lower the N' concentration of the free ammonia 
more drastically than that of free amino acids, may well account for the 
low isotope concentration of ammonia recovered from the nodules. 


The authors wish to acknowledge the aid of J. H. Torrie and Z. M. 
Arawinko in arranging for the production of soy beans in field plots. 


SUMMARY 


The fixation of nitrogen by excised soy bean nodules was followed by ex- 
posing them to an atmosphere containing N."* for 1 or 2 hours. Only the 
acid-soluble portion of the nodules was analyzed for N'®. Large nodules 
fixed much more actively than did small nodules, and nodule slices retained 
only about one-fifth the activity of the whole nodules. 

A number of substrates and cofactors were added to sliced nodules, but 
none of them stimulated nitrogen fixation. 

The optimal temperature for fixation of nitrogen by soy bean nodules 
exposed for 1 hour to N2!® was 25°. The energy of activation near the 
optimal temperature was 5 kilocalories and at lower temperatures was 10 
kilocalories. 

The “free ammonia” from excised nodules which were heat-inactivated 
after fixing N.'* had a relatively low concentration of N'®. Free glutamic 
acid isolated after treatment of the nodule extract with basic lead acetate 
had the highest N’° concentration of any component recovered. The pos- 
sible significance of the observed distribution of N' is discussed. 
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THE COMPONENTS OF CHOLINE OXIDASE AND 
AEROBIC PHOSPHORYLATION COUPLED 
WITH CHOLINE OXIDATION* 
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(From the Chemical Division, Department of Medicine, University of Chicago, 
Chicago, Illinois) 


(Received for publication, October 28, 1953) 


It is now generally agreed that in the process of aerobic oxidative phos- 
phorylations there is no direct interaction of orthophosphate with the vari- 
ous oxidizable substrates which provide the energy necessary for the phos- 
phorylation. Phosphorylation takes place during the passage of electrons 
from substrate to molecular oxygen. Since there are three main oxidation- 
reduction systems of varied potentials distributed in this pathway (pyri- 
dine nucleotides, flavoproteins, and the cytochrome-cytochrome oxidase 
system), it was logical to assume that the energy necessary for phosphoryl- 
ation was provided by these oxidation-reduction reactions. Lehninger (1) 
offered the first conclusive demonstration of the coupling of phosphoryla- 
tion with the oxidation of dihydrodiphosphopyridine nucleotide (DPNH) 
by oxygen, in which adenosinediphosphate was phosphorylated to adeno- 
sinetriphosphate (ATP) with a P: DPNH ratio of about 1.5. Hummel and 
Lindberg (2) and Good and Leaf (3) have reported phosphorylation of 
flavin-adenine dinucleotide, although the exact relationship of this finding 
to oxidative phosphorylations is not clear. Some unsuccessful attempts 
have been made to link phosphorylations to electron transport with the 
third group of oxidation-reduction systems, the cytochrome-cytochrome 
oxidase system (4, 5). Phosphorylation at the substrate level seems to be 
confined to the obligatory anaerobic phase of carbohydrate fermentation, 
and to acyl coenzyme A phosphorylations, in which, in the presence of the 
phosphorylating enzyme, the energy of the thio ester bond of acyl coenzyme 
A is utilized to generate the energy-rich phosphate bond of adenosine- 
triphosphate (6, 7). Phosphorylations were thought at first to be limited 
to reactions of carbohydrate fermentation and oxidation. Lehninger’s dis- 
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covery (8) of phosphorylation accompanying the oxidation of 6-hydroxy- 
butyrate and Johnson and Lardy’s findings of phosphorylation coupled 
with fatty acid oxidation (9) demonstrated that phosphorylations may be 
produced whenever there is an oxidation-reduction reaction with the neces- 
sary free energy to provide for the phosphorylation reaction and, of course, 
the necessary transphosphorylase to capture this energy for the formation 
of the pyrophosphate bond. 

It is our purpose to study oxidative phosphorylations at the cytochrome 
level in a system not connected with the series of oxidations of the Krebs 
cycle. Liver choline oxidation was chosen because the oxidation of cho- 
line is carried out without the intervention of diphosphopyridine nucleo- 
tide (DPN) or triphosphopyridine nucleotide but with the cytochrome- 
cytochrome oxidase system (10) and perhaps a flavoprotein. We present 
in this paper evidence for oxidative phosphorylation coupled with the oxi- 
dation of choline and for the identification of some of the components of 
the choline oxidase system. We also present data, still unpublished but 
quoted previously by Barron and Singer (11), on the necessity of —SH 
groups for the activity of choline oxidase. 

After this work was completed, there appeared a note by Eichel (12) 
announcing the measurement of choline oxidase activity by spectrophoto- 
metric determination of cytochrome c reduction. Some of our findings are 
in agreement with Eichel’s report. 


EXPERIMENTAL 


Enzyme—Rat liver preparations, according to Bernheim and Bernheim 
(13), show no O:2 uptake in the absence of choline but oxidize choline 
vigorously. Furthermore, there is, anaerobically, rapid reduction of cyto- 
chrome c, which may be followed spectrophotometrically. However, we 
found that these preparations produced no phosphorylation. Tissue sus- 
pensions that phosphorylate in the presence of choline were prepared as 
follows: The livers of three rats (Sprague-Dawley, about 200 to 250 gm.) 
were perfused through the aorta with Ringer’s solution cooled to the tem- 
perature of ice water and kept in ice until cooled. They were chopped 
with scissors and homogenized for 20 seconds in an ice-cold Waring blendor 
with 90 ml. of ice-cold 0.15 m KCl. The suspension was centrifuged in an 
International centrifuge, kept in a room at 3°, at 2500 r.p.m. for 10 min- 
utes. The supernatant fluid was discarded, and the precipitate was ho- 
mogenized in a glass homogenizer with 90 ml. of KCl solution. The sus- 
pension was centrifuged as before, and the supernatant liquid separated 
into several layers. The top layer was then carefully pipetted off (about 
15 ml.) and homogenized with 90 ml. of KCl. The suspension was cen- 
trifuged again, the supernatant solution was discarded, and the precipitate 
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was homogenized. This suspension (about 10 ml.) was used without dilu- 
tion. Yeast hexokinase was prepared according to Berger et al. (14) up 
to adsorption with aluminum hydroxide. The different components, all 
kept in an ice bath, were added to cold Warburg vessels and incubated at 
20°. The reaction was stopped with 0.3 ml. of 3 m HClO,; 2 minutes later 
it was filtered and 4 ml. of 0.4 m acetate buffer were added to give a final 
pH value of 5.4. Inorganic phosphorus was determined by the method of 
Lowry and Lopez (15). 

For the study of the components of choline oxidase the enzyme was 
mainly a mitochondrial suspension prepared as follows: Two rats were de- 
capitated and bled as thoroughly as possible; the livers were taken out and 
chilled in ice-cold 0.25 m sucrose. They were then homogenized, and the 
homogenized suspension was passed through cheese-cloth. The suspension 
was centrifuged in the refrigerated vacuum Spinco model L centrifuge at 
0° for 20 minutes at 24,000 X g. The supernatant fluid was discarded; 
the residue was homogenized with 0.25 m sucrose (about 20 ml. per rat 
liver) and centrifuged again at 24,000 xX g. This process was repeated 
once more, and the residue was finally suspended in 20 ml. of 0.25 m sucrose. 
The suspension contained an active choline oxidase and no betaine alde- 
hyde oxidase. Oxidation of choline was measured manometrically by the 
O02. uptake or spectrophotometrically by the reduction of cytochrome c. 
The enzyme showed no QO, uptake in the absence of choline. When kept 
frozen at —10°, it retained enzymatic activity for 10 days. The spectro- 
photometric measurements were made at room temperature (about 26°) 
with the Beckman spectrophotometer. The system consisted, unless oth- 
erwise indicated, of 1 ml. of 0.154 m KCl, 0.5 ml. of 0.1 mw phosphate buffer, 
pH 7.0, 1.5 ml. of 5.1 X 10-5 m cytochrome c in phosphate buffer, 0.4 ml. 
of HO, 0.2 ml. of enzyme suspension, and 0.2 ml. of neutralized 0.1 m 
KCN. At zero time, 0.2 ml. of 0.2 m choline hydrochloride was added, and 
the reduction of cytochrome c was followed at 550 mu. A blank cell con- 
taining all the substances except choline was used as a control, and negli- 
gible reduction of cytochrome c was observed in it. The nitrogen content 
of the enzyme suspension was around 0.16 mg. in 0.2 ml. 

Choline hydrochloride (Merck) was recrystallized and kept in a desic- 
eator. Cytochrome c, obtained either from the Sigma Chemical Company 
or from the Nutritional Biochemicals Corporation, was purified according 
to Keilin and Hartree (16); commercial cytochrome contained an impurity 
which inhibited the enzyme. Flavin-adenine dinucleotide (FAD) was ob- 
tained from the Sigma Chemical Company; its purity, as determined spec- 
trophotometrically, was 34.5 per cent. Flavin mononucleotide was pro- 
vided by Dr. T. P. Singer. Anhydrous barium phosphorylcholine was 
kindly provided by Dr. E. Baer. The barium was precipitated by addition 
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of the equivalent amount of NasCO;. Betaine aldehyde was prepared by 
Dr. M. Schubert, of this laboratory, according to Voet (17). It was 44 
per cent pure as measured by bisulfite titration and by spectrophotometric 
measurements with betaine aldehyde dehydrogenase and DPN, according 
to the method of Rothschild and Barron.! 

Inhibition of Choline Oxidase by —-SH Reagents—In 1943 Barron and 
Singer (11) reported the results of experiments performed in 1942 by 
Block and Barron on the inhibition of liver choline oxidase by thiol reagents 


TaBLe | 
Effect of —SH Reagents on Activity of Liver Choline Oxidase* 

Rat liver preparations according to Bernheim and Bernheim (13). Phosphate 
buffer, 0.05 m, pH 6.7; choline, 0.01 m. Temperature, 38°. Gas phase, air. The 
liver suspensions without choline showed no O2 uptake; with choline the Oz uptake 
was around 300 ¢.mm. per hour. 











—SH reagent Concentration Inhibition 
M per cent 
Re Ea SEA ESE ao ARIAT RAE a Re a 0.001 8 
IE oak cer oee es saab onan swat eens 0.001 40 
EL) © ESET Te PURE Peer eee Ae 0.001 84 
p-Chloromercuribenzoate. .....................00. 0.001 88 
NTA ct ear ero Soh od til wre aa A oe doe Kes 0.01 72 
ae NE ia te eG Sy ii tna a RAGES ESA 0.005 | 18 
p-Carboxyphenylarsine oxide...................... 0.001 96 
p-Carbamylphenylarsine ‘“‘ ..................... 0.001 92 
p-Aminophenyldichloroarsine-HCl................ | 0.001 86 
3-Amino-4-hydroxyphenyldichloroarsine-HCl]..... 0.001 86 


a | 0.001 | 96 





.* Partly from unpublished experiments of B. Block and E. 8. Guzman Barron 
(1942) which were repeated by H. Rothschild. 


and classified this enzyme among the —SH enzymes. Since then the 
enzyme has been frequently used as an —SH enzyme (18) and has been 
so classified (19, 20). The initial data, however, were not published. In 
Table I are given the results of the experiments of Block and Barron, 
showing that the activity of choline oxidase is inhibited to varying degrees 
by —SH reagents. Reactivation of the inhibited enzyme, however, was 
only partial on addition of glutathione at a ratio 10 times higher than the 
inhibitor. The enzyme, inhibited 88 per cent by p-chloromercuribenzoate, 
was reactivated only 11 per cent; when the inhibitor concentration was 
reduced to give 50 per cent inhibition, reactivation was 73 per cent. A 
complete reactivation was observed after addition of BAL to the inhibited 


1 Experiments on betaine aldehyde dehydrogenase to be published. 
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enzyme. As happens with other —SH enzymes, addition of substrate 
before addition of inhibitor produced partial protection of the enzyme, 
as if the active center of the enzyme for the attachment of choline were 
close to the —SH groups (Table IT). 

Components of Enzyme Systems and Distributton—As found by Mann et 
al. (10), choline oxidase readily reduces cytochrome c. It was easy to 
establish a system whereby the oxidation of choline could be followed 
spectrophotometrically by the reduction of cytochrome c in the presence 
of HCN (to inhibit its reoxidation by cytochrome oxidase and bind the 


TaBLeE II 
Reactivation and Protection of Choline Oxidase 
Enzyme, 0.5 ml.; phosphate buffer, 0.1 m, 1 ml.; —SH inhibitor, 0.01 m; 0.3 ml. of 


glutathione (GSH), 0.1 m; 0.3 ml. of choline, 0.1 m; 0.3 ml. of H,O to make a total 
volume of 3ml. Temperature, 38°. Time, 60 minutes. 











Oz uptake 
Experimental conditions 
| Control Inhibitor 

c.mm. | c.mm, 
p-Chloromercuribenzoate. .....................0.. | 332 | 39 
- ce fo ees 340 88 
og oe eer 335 167 
. Spacer ence 335 | 290 
eS OOO Ne HOE Lae ORE Smee 342 54 
4 is NM de bed rss aaah endl Wh 350 240 
Choline before addition of iodosobenzoate......... 352 | 198 
p-Chloromercuribenzoate, 5 X 10-*M............| 218 | 58 

Choline + BAL, 3.2 X 10°? m..................08. 271 | 
” + p-chloromercuribenzoate + BAL....... | | 283 





betaine aldehyde formed on oxidation). The rate of reduction of cyto- 
chrome c was that of heterogeneous reactions taking place at the solid- 
liquid interface (21), z.e. zero order followed at the end by a first order 
reaction (Fig. 1). The reaction stopped when about 65 per cent of the 
added cytochrome was reduced. 

The activity of the enzyme had a pH optimum from 6.8 to 7.3, falling 
asymptotically towards both the acid and the alkaline sites. The enzyme 
was practically inactive at pH 6 and 8 (Fig. 2). All these experiments 
were performed with 0.05 m potassium phosphate buffer. 

At equal pH values, oxidation of choline proceeded at a faster rate in 
phosphate than in glycylglycine buffer or in acetate-Veronal buffer. The 
slower rate of oxidation of choline in glycylglycine buffer could be inter- 
preted as being due to its heavy metal-binding properties. However, when 
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Fic. 1. Oxidation of choline by choline oxidase as measured by the reduction of 
cytochrome c. Abscissa, time in seconds; ordinate, optical density at 550 my. 
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Fig. 2. pH-activity curve of choline oxidase as measured by the reduction of 
cytochrome c. Abscissa, pH value; ordinate, time (in minutes) necessary to reduce 
65 per cent of the added cytochrome c. 
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phosphate buffer (0.005 m) of the same pH value was added to glycyl- 
glycine, the rate of oxidation was similar to that taking place in phosphate 
buffer alone. The effect of phosphate could be attributed to the necessity 
of converting choline into phosphorylcholine prior to oxidation. However, 
phosphorylcholine was not oxidized by choline oxidase, and previous addi- 
tion of phosphorylcholine to the enzyme produced only a lag period of 
20 minutes. Once oxidation started, the rate was similar to that of choline 
oxidation in the absence of phosphorylcholine. 
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Fic. 3. Effect of FAD on the oxidation of choline by dialyzed choline oxidase. 
Buffer, 0.05 m phosphate, pH 7.0; FAD, 200 7; cytochrome c, 1.2 X 10-7 mM; MgCle, 
0.005 m. Abscissa, time in minutes; ordinate, optical density. Curve 1, dialyzed 
enzyme + cytochrome c; Curve 2, dialyzed enzyme + FAD + cytochrome c. 


The preparation contained no betaine aldehyde dehydrogenase, as shown 
by the lack of DPN reduction on addition of betaine aldehyde. Betaine 
aldehyde dehydrogenase, which is in the supernatant fraction, was sepa- 
rated by washing the mitochondria. Moreover, there was no reduction of 
DPN on addition of choline, proof that oxidation of choline does not pro- 
ceed by this pathway. Lack of DPN reduction could not be attributed to 
reoxidation of reduced DPN by the cytochrome c reductase-cytochrome 
oxidase system because the HCN added inhibited the cytochrome oxidase. 

When the enzyme suspension was dialyzed against large amounts of 0.25 
M sucrose (3 ml. of enzyme for 2 liters of sucrose) for 16 hours at 3°, the 
enzyme lost most of its activity; it was restored on addition of 68 y of 
flavin-adenine dinucleotide and 0.005 m MgCl, (Fig. 3). Addition of flavin 
mononucleotide had no effect at all. 

The possibility that the protein component of choline oxidase may con- 
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tain a heavy metal was suggested by inhibition of the enzyme on addition 
of organic compounds known to form complexes with heavy metals, copper 
in particular. Salicylaldoxime, at a concentration of 0.005 M, inhibited 80 
per cent of the O2 uptake in the presence of choline; when the enzyme was 
tested by the anaerobic oxidation of choline with ferricyanide as the oxi- 
dizing agent, there was 94 per cent inhibition (Table III). Salicylaldoxime 
(0.005 m) also inhibited the oxidation of choline 94 per cent as measured 
spectrophotometrically. This reagent is a powerful copper complex-form- 
ing agent (22). 8-Hydroxyquinoline inhibited choline oxidation 26 per 
cent, and 2,4-dinitrohexylphenol, 78 per cent (Table III). Versene (0.01 
M), however, had no effect, although it is a good chelating agent. These 


TABLE III 
Effect of Heavy Metal Inhibitors on Oxidation of Choline by Choline Oxidase 


Buffer, potassium phosphate, 0.05 m; choline, 0.01 m; pH 7.0 for O: uptake experi- 
ments; Ringer-bicarbonate with N2-COs» as gas phase for experiments with 0.01 m 
K;Fe(CN).¢ as oxidizing agent. Temperature, 38°. Time of incubation, 60 minutes. 




















Inhibitor a gee Measurements Control | Inhibitor 

: M - ee ie 7A c.mm. c.mm, 

Salicylaldoxime..... ...) 0.01 O, uptake 106 0 
sig ieee eee 0.005 * " 115 | 23 

- Terre ” 130 | 62 

ae oes ....| 0.005 CO, formation 441 26 
Diethylthiocarbamate. .... | 0.01 O: uptake 110 | 0 
8-Hydroxyquinoline........| 0.001 xy . 196 | 145 
2,4-Dinitrohexylphenol...... | 0.001 - . 215.6 47 





inhibition experiments suggest the possibility that the protein may be a 
conjugated copper-protein complex. 

Once the main components of the enzyme system were determined, it was 
necessary to choose the source of the enzyme for the subsequent work 
on isolating the components and making soluble the dehydrogenase. So 
far, the richest source appears to be the rat liver, which showed in the 
presence of choline 344 c.mm. of O2 uptake per mg. of N, whereas rat kidney 
gave only 242 c.mm. The livers of pig, beef, sheep, and rabbit contained 
no appreciable amount of choline oxidase. According to Mann and Quas- 
tel (23), the kidneys and liver of cat contain the enzyme, whereas guinea 
pig liver is inactive. According to Cromwell and Rennie (24), sugar beet 
roots contain choline oxidase, although preliminary experiments have 
shown that they are rather poor in enzyme content (4.5 c.mm. of O02 uptake 
per 100 mg. of dry weight per hour). 

The acetone powder of rat liver mitochondria, made soluble with sodium 
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choleate (which according to Williams and Sreenivasan (25) oxidizes cho- 
line with 2,6-dichlorophenolindophenol as the oxidizing agent), oxidized 
choline on addition of cytochrome c. However, the activity was lower 
(per mg. of N.) than that of our preparations. On precipitation of the 
soluble material with (NH,4)2SO,, the recovered protein was not soluble in 
water or in 0.1 m NaCl or KCI solution. 

Aerobic Phosphorylation—The liver suspensions treated in the manner 
already described do not ferment glucose and do not contain hexokinase. 
To demonstrate the existence of phosphorylation coupled with the oxida- 


TABLE IV 
Aerobic Phosphorylation Coupled to Choline Oxidation 
Washed liver suspension, 1 ml.; glycylglycine buffer, pH 7.0, 0.1 m, 0.2 ml.; phos- 
phate buffer, pH 7.0, 0.1 mM, 0.4 ml.; K-ATP, 0.01 m, 0.15 ml.; KF, 0.5 m, 0.2 ml.; glu- 
cose, 1 M, 0.1 ml.; MgCl., 0.1 m, 0.15 ml.; hexokinase, 0.15 ml.; choline chloride, 0.2 
m,0.3 ml. Temperature, 20°. Time of incubation, 50 minutes. 














| 
Rogiet Experimental conditions | Os uptake Inorganic P P:0 
| microatoms pM 
I II Saco Sra catenins «ae | 2.13 40 0 
| “* hexokinase................... 6.20 39.2 0 
BO ESS © | 7.08 40.2 0 
| Complete + hexokinase........ | 7.42 32.7 1.38 
es FONG 55 ek Sekascls esses: | 2.26 40.0 0 
Complete + hexokinase..... a 8.76 30.0 1.53 
Ill | No choline ee bie 3 2.26 40 0 
| Complete + hexokinase........ | 7.58 32.0 1.50 
IV | No choline nah 2.13 40 0 
| Complete + hexokinase... 9.80 27.7 1.60 





tion of choline, the system ATP-glucose-hexokinase was used; thus inor- 
ganic phosphorus from the suspension medium was utilized to maintain 
the concentration of ATP. There was no phosphorus uptake in the ab- 
sence of choline, or hexokinase, or glucose. In the presence of choline a 
P:O ratio of 1.5 was obtained (Table IV). 

That phosphorylation was due to choline oxidation was demonstrated 
by simultaneous measurements of inorganic phosphorus uptake and of be- 
taine aldehyde formation (betaine aldehyde is not appreciably oxidized 
at pH 7.0). In these experiments, 1 ml. of the contents of the Warburg 
vessels was brought quickly to boiling so as to precipitate the protein. 
After centrifugation, the supernatant fraction was used for the spectro- 
photometric determination of betaine aldehyde with betaine aldehyde de- 
hydrogenase and DPN. In this reaction, which is stoichiometric, 1 mole 





50 COMPONENTS OF CHOLINE OXIDASE 


of aldehyde reduced 1 mole of DPN irreversibly with the formation of 
(CH;);NCOH + DPN* + H.O = (CH;);NCOOH + DPNH + Ht 


betaine. By this method, details of which will be published shortly, quan- 
tities of betaine aldehyde as small as 0.2 um per ml. can be determined 
accurately. The P to choline ratio (since the betaine aldehyde was pro- 
duced on oxidation of choline) was 1.3 (Table V). 

On anaerobic oxidation of choline with ferricyanide as the oxidizing 
agent there was no phosphorylation, an indication that this process does 
not take place on oxidation of the substrate. 

Inhibition of Oxidative Phosphorylation—As was shown in the experi- 
ments of Block and Barron, choline oxidase possesses —SH groups which 


TABLE V 
Aerobic Phosphorylation Coupled to Choline Oxidation 


System same as the complete system + hexokinase of Table lV. Time of incuba- 
tion, 60 minutes. 








Measurements 
uM 
ee ree ee eee 2.86 
e - I 2 futon late Sek coals oa cea 9.00 
I en oi Sets alsn satu oe a beanes 40.0 
- tt IR 35 oy arc abed.cn bo kaa Ne Rae ke 24.9 
Betaine aldehyde, with choline.......................... 2.7 
- - ee 2 ae None 








are not very sensitive to certain —SH reagents, whereas the enzymes con- 
cérned with oxidative phosphorylations seem to be very sensitive to most 
—SH reagents (20). There was a possibility of separating the phosphoryl- 
ating enzyme from the oxidizing enzyme by taking advantage of these 
quantitative differences. o-Iodosobenzoate at a concentration of 1 * 10“ 
M had no effect at all on the O2 uptake of the liver suspensions in the 
presence of choline, whereas it inhibited completely the utilization of in- 
organic P. Lehninger (26) found uncoupling of aerobic phosphorylations 
associated with 6-hydroxybutyrate oxidation with low concentrations of 
p-chloromercuribenzoate and with malonate, while iodoacetate was in- 
effective. In agreement with these findings, 5 x 10-5 m p-chloromercuri- 
benzoate uncoupled the phosphorylation associated with choline oxidation, 
and iodoacetate, at a concentration (0.001 m) not enough to inhibit oxida- 
tion, inhibited phosphorylation 56 per cent (Table VI). As in other oxi- 
dative phosphorylations, dinitrophenol at low concentrations increased the 
O: uptake in the presence of choline and inhibited phosphorylation. When 
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the concentration was diminished to 1.6 X 10-* m, there was no effect on 
the oxidation of choline or on the phosphorylation (Table VII). 


TaBLe VI 
Effect of Iodosobenzoate, Iodoacetate, and Malonate on Aerobic Phosphorylation 
Coupled with Choline Oxidation 
System same as that in Table IV, except for addition of inhibitors. Time of incu- 
bation, 60 minutes. 









































Experimental conditions Os: uptake Inorganic P P:0 
microatoms uM 
RL eos |. cab cand Sao thine d fees 3.03 40 0 
A sap oe AN A ak as 11.90 24.9 1.70 
+ + 0.1 mM iodosobenzoate.... 12.10 40 0 
No choline.......... BOF y 2.88 40 0 
SE ee ee ae 10.50 29.3 1.40 
- + 1 mM iodoacetate..... 8.30 36.5 0.64 
No choline............. Pe ee este Meserien 2.86 40 0 
ig Pe beth e 13.7 22.7 1.60 
” + 30 mm malonate................ 13.0 34.9 0.50 
TABLE VII 
Effect of Dinitrophenol (DNP) on Aerobic Phosphorylation Coupled to Choline 
Oxidation 
System similar to that of Table IV. 
Experimental conditions Oz uptake Inorganic P P:0 
microatoms BM 
REESE RES Per CR OREM Tee eee 3.13 40 0 
e = f B, 12-10 Wiikcccccccs 6.36 40 0 
EE ee eran 15.8 21 1.50 
" + DNP, 1.3 X 107 mw............. 21.3 40 0 
” om Oe ee as cw cdsactes 20.2 40 0 
4K i PS  ncacivdwweead 18.0 34 0.4 
‘ + * Se ee ae dines 16.5 20 1.50 
DISCUSSION 


The oxidation of choline by choline oxidase, as shown by the spectro- 
photometric studies, required, in addition to the protein, flavin-adenine 
dinucleotide, cytochrome c, and Mg++. DPN was not reduced by cho- 
line. Since phosphorylcholine was not oxidized, the oxidation of choline 
may be postulated to proceed as follows: 


Choline + FAD = betaine aldehyde + FADH: (1) 
FADH: + 2Fet*+-cytochrome c — 2Fet+-cytochrome c + FAD + 2H*+ (2) 
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The possible réle of flavin-adenine dinucleotide in the oxidation of cho- 
line by liver choline oxidase was postulated by Kelley (27) from feeding 
experiments and by Ebisuzaki and Williams (28). 

The reversibility of Reaction 1 has been demonstrated in preliminary 
potentiometric measurements of this oxidation-reduction system with in- 
digosulfonate as the electron mediator. In the absence of HCN, the re- 
duced cytochrome c would be oxidized by cytochrome oxidase. 

Rat liver preparations, similar to those used by Lehninger for oxidative 
phosphorylations associated with the oxidation of 6-hydroxybutyrate, and 
by Hunter and Hixon (29) for phosphorylation coupled with a-ketoglu- 
tarate oxidation, produced phosphorylation coupled with the oxidation of 
choline. The phosphorylation enzyme had the same properties as those 
reported by Lehninger (26) and by Hunter (30), namely, extreme instability 
and great sensitivity to heat, to —SH reagents, and to dinitrophenol. It 
was, therefore, easy to obtain preparations which oxidized choline without 
concomitant phosphorylation. As to the mechanism of this phosphoryla- 
tion, the possibility that it belongs to the group of substrate phosphoryla- 
tions may be rejected, because phosphorylcholine was not oxidized. It 
seems to be another example of phosphorylation coupled to electron trans- 
fer in the series of reactions from substrate to molecular oxygen. Phos- 
phorylation by oxidation of dihydrodiphosphopyridine nucleotide must be 
excluded, since DPN was not reduced on oxidation of choline. Although 
phosphorylation by oxidation of FAD might be excluded, because in the 
absence of oxygen and with ferricyanide as the oxidizing agent there was 
no phosphorylation, there is the possibility that ferricyanide might have 
inhibited the phosphorylating enzyme. Phosphorylation at the cyto- 
chrome level, coupled with electron transfer from cytochrome c to cyto- 
chrome oxidase, and from cytochrome oxidase to oxygen, seems to be a 
stronger possibility. 


SUMMARY 


From spectrophotometric measurements of cytochrome c reduction by 
liver choline oxidase, before and after dialysis, it was found that the en- 
zyme system is made up of the dehydrogenase, flavin-adenine dinucleo- 
tide, and cytochrome c. Mg** seems also necessary for the oxidation. 
The dehydrogenase had an optimal pH activity between 6.8 and 7.3, while 
at pH 6 and 8 it had no activity. A number of organic substances, known 
to form complexes with copper, inhibited enzyme activity. Data have 
been presented on inhibition of choline oxidase by —SH reagents, reac- 
tivation of the inhibited enzyme by BAL and by glutathione, and protec- 
tion by previous addition of choline. Phosphorylcholine was not oxidized. 
Rat liver preparations in the presence of hexokinase, ATP, glucose, and 
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choline produced phosphorylation coupled with the oxidation of choline. 
The maximal P:O ratio obtained was 1.7, an indication that the actual 
ratio may reach 2. Phosphorylation was inhibited with small concentra- 
tions of p-chloromercuribenzoate, iodosobenzoate, and dinitrophenol, 
whereas choline oxidation was not affected at these concentrations. 


Noo fk wd 
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ANALYSIS OF HEXOSE PHOSPHATES AND SUGAR 
MIXTURES WITH THE ANTHRONE REAGENT* 


By LEWIS C. MOKRASCH 


(From the Department of Physiological Chemistry, University of Wisconsin 
Medical School, Madison, Wisconsin) 


(Received for publication, November 16, 1953) 


In the course of studies on fructose-1 ,6-diphosphatase, a method more 
suitable than the Roe method was sought for the analysis of fructose phos- 
phates. The modified anthrone method described below proved to have 
the necessary simplicity and accuracy and gives exactly equivalent color 
values on a molar basis for fructose, fructose-6-phosphate, and fructose- 
1,6-diphosphate. Equivalent color densities are also obtained for glucose, 
glucose-6-phosphate, and glucose-1-phosphate. 

The observation of Koehler (1) that various carbohydrate classes can be 
identified by the time required to reach maximal color development by 
controlled heating with the anthrone reagent is the basis of a new method 
for the simultaneous estimation of sugars in a mixture. 


Materials and Methods 


The anthrone was a twice recrystallized preparation. Ascorbic acid was 
the c.p. Merck product; the following were c.p. Pfanstiehl products: adon- 
itol, p-glucose (anhydrous), p-fructose, L-rhamnose, L-fucose, sucrose, L- 
sorbose, D-ribose, p-galactonolactone, mucic acid, calcium p-glucohepto- 
nate, p-turanose, D-melezitose dihydrate, and p-raffinose pentahydrate. 
Tricyclohexylammonium p-fructose-1 ,6-diphosphate was prepared accord- 
ing to McGilvery (2). Dicyclohexylammonium p-fructose-1-phosphate 
was prepared according to Pogell (3). Barium p-fructose-6-phosphate was 
prepared according to Neuberg, Lustig, and Rothenberg (4). Dipotassium 
p-glucose-1-phosphate dihydrate and adenosine were the Schwarz products. 
Barium p-glucose-6-phosphate dihydrate free of fructose-6-phosphate was 
prepared by Dr. R. W. McGilvery. 

Preparation of Color Reagent—1 liter of concentrated sulfuric acid, c.p., 
is mixed with 290 gm. of ice. After the solution has cooled, 1.0 gm. of 
anthrone is dissolved in it. The reagent is stable when stored at 4° in the 
dark and remains usable for 2 months. 

Color Development—6.0 ml. of the color reagent are placed in the colorim- 
eter tube and chilled in ice water for 5 minutes. A 1.0 ml. sample con- 


* This work was supported by grant No. RG-2594 from the National Institutes of 
Health, United States Public Health Service. 


55 





56 ANALYSIS OF HEXOSE PHOSPHATES 


taining less than 0.25 um of ketohexose, 0.4 um of aldohexose, or 1.0 um of 
pentose is added without mixing and allowed to chill again before the tube 
is mixed by rapid swirling and returned to the ice water. The tubes are 
closed with capillary-vent stoppers and heated in a well stirred water bath 
maintained at 80.0° + 0.5°. After the chosen length of time, the tubes 
are returned to the ice water, where they may be stored for several hours 
before reading on the spectrophotometer at 620 my. A Coleman universal 
spectrophotometer, model No. 14, was used in this study. 
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Fic. 1. Color development curves for fructose (O), fructose-1-phosphate (@), 
fructose-6-phosphate (A), fructose-1,6-diphosphate (x), glucose (0), glucose-1- 
phosphate (A), and glucose-6-phosphate (M). 0.20 um of each compound was heated 
with the anthrone reagent at 80°. 

Fie. 2. Color development curves for 0.20 um of rhamnose (A) and fucose (@), 
and for 0.50 um of ribose (O) and adenosine (X). 


Results 


Color development curves are presented here for a number of carbohy- 
drates and derivatives. 

In Fig. 1 are compared glucose and fructose and their phosphates. Al- 
though the color curve reaches a maximum for glucose between 30 and 40 
minutes, it is rising slowly enough at 25 minutes to permit an accurate esti- 
mation of glucose or its phosphates. Other aldohexoses behave like glucose 
but generally give less color. Sorbose behaves like fructose but gives only 
83 per cent of the color of fructose. 

In Fig. 2 the color equivalence of ribose and adenosine is demonstrated. 
The 6-desoxyhexoses, rhamnose and fucose, exhibit behavior intermediate 
between that of the aldohexoses and the aldopentoses with respect to times 
of maximal color, and show intensities comparable to that of an equivalent 
amount of fructose. 

The behavior of di- and trisaccharides is shown in Fig. 3. The color 
curves of these oligosaccharides are the same as the curves of equivalent 
mixtures of the constituent hexoses. 
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In no case did adonitol, ascorbic acid, glucoheptonate, galactonolactone, 
glucuronolactone, or mucic acid give more than 4 per cent of the color of 
an equivalent amount of glucose. 

The occurrence of color peaks at characteristic times makes possible the 
coestimation of sugars. By solving a pair of simultaneous equations repre- 
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Fic. 3. Color development curves for 0.067 um of raffinose (A) and melezitose (@), 
and for 0.10 um of sucrose (O) and turanose (x). 


TABLE [ 


Simultaneous Estimation of Glucose and Ribose* 






































Glucose | Ribose 
Added Found Added | Found 
BM uM | uM uM 
0.15 0.147 | 0.10 0.098 
0.10 0.103 0.20 | 0.197 
0.05 0.048 0.30 | 0.297 
Eg => 2.04, ko = 0.308, Er = 0.790, kp = 0.260. 
* Heating times of 4 and 25 minutes were used in these analyses. 
TaBLeE IIT 
Simultaneous Estimation of Glucose and Fructose* 
Glucose Fructose 
Added | Found Added Found 
om ‘oy uM uM uM " 
0.10 0.101 0.083 | 0.084 
0.10 0.101 0.05 0.051 
0.05 0.050 0.10 0.098 
0.10 0.099 0.10 0.101 





Eq = 2.03, ka = 0.240, Er = 3.04, ky = 0.830. 


* Heating times of 3 and 25 minutes were used in these analyses. 
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senting a binary system, the following expressions for the amounts of glu- 
cose and fructose in a mixture are derived. 


Cr = D; — keDss 
*” Ep(1 — keke) 
and 
Co = Dos — krD; 
©” Ea(l — kyka) 


where Cy = micromoles of fructose in the 1 ml. sample, Cg = micromoles 
of glucose in the 1 ml. sample, Ey and Eg = the optical densities obtained 
from 1 uM of fructose and of glucose at 3 minutes and 25 minutes, respec- 
tively, Ds and D2; = the densities of tubes after heating for 3 minutes and 
25 minutes, respectively, kg = D;/De5 for glucose, and kp = Des/D; for 
fructose. Similar relations are used for mixtures of ribose and glucose. 
Tables I and II demonstrate the applicability of the anthrone method 
to the assay of typical sugar mixtures. Neither component interferes with 
the determination of the other throughout a wide range of ratios of the two. 


DISCUSSION 


The advantages of the 80° bath over the 100° bath for color development 
are that the color intensity peaks are broader and that a longer time is 
allowed for temperature equilibration; hence the reproducibility and pre- 
cision are improved. A comparison of the micromolar color values used 
for glucose, fructose, and ribose in the current work with those obtained 12 
months ago shows that they are respectively identical. 

The following ions do not interfere at the concentrations indicated: Nat 
(1 m), K* (1 m), Ba** (0.01 m), Ca++ (0.01 m), NH,* (1 m), Mg** (0.1 ), 
Mn** (0.05 m), cyclohexylammonium (1 m), Cl- (1 m), BOs= (0.05 m), 
HPO; (1 ), trichloroacetate (0.5 m), ClO, (0.1 m), and formate (0.1 mM). 
NO: (0.2 m) and N;~ (0.001 m (5)) strongly interfere with the method. 
Shetlar (6) observed that tryptophan interferes. It is to be noted, how- 
ever, that derivatives of indole are useful for detecting and estimating 
carbohydrates; hence there would be a competition between the color re- 
agents for the carbohydrate. Hill et al. (7) report that the only 3-carbon 
products of glycolysis which interfere with the anthrone method are glyc- 
eraldehyde and dihydroxyacetone phosphate. 

The greatest single point of superiority of the anthrone method over the 
Roe method is that fructose-1 ,6-diphosphate and fructose-6-phosphate give 
colors on a molar basis exactly equal to that of fructose; therefore the an- 
throne method can be used to assay the purity of preparations of these com- 
pounds without the use of any conversion factors. Similarly, ribose and 
adenosine give identical colors. A curious case is that of fructose-1-phos- 
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phate, which gives 0.888 as much color as an equivalent amount of fructose 
under identical conditions. 

The fact that the anthrone method can be used for the coestimation of 
binary mixtures of carbohydrates lends itself to its possible application in 
studies of metabolic sequences, since there is no need of separation of mix- 
tures, except from interfering compounds, or of the use of a number of 
different reagents and techniques. 


SUMMARY 


The use of the anthrone reagent to establish the purity of hexose phos- 
phates and nucleotides is shown. Color development curves for a variety 
of carbohydrates and derivatives are presented. 

A method for the simultaneous estimation of sugars in a mixture is de- 
scribed. 


The author wishes to acknowledge gratefully the help and advice of Dr. 
R. W. McGilvery. 
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THE SYNTHESIS OF ALDOLASE AND GLYCERALDEHYDE- 
3-PHOSPHATE DEHYDROGENASE IN THE RABBIT* 


By MELVIN V. SIMPSON{ anv SIDNE F. VELICK 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missourz) 


(Received for publication, November 20, 1953) 


Methods have been developed in this laboratory for the purification and 
crystallization of several of the enzymes which are involved in glycolysis 
in rabbit skeletal muscle. Two of these, aldolase and glyceraldehyde-3- 
phosphate dehydrogenase (1, 2), may be obtained from a single animal in 
substantial amounts and in forms which appear homogeneous by the usual 
criteria for protein purity. We have undertaken the investigation of the 
metabolism of these enzyme proteins. In the experiments reported here 
both enzymes were crystallized from the muscle of a rabbit after a single 
injection of five radioactive amino acids. Eleven amino acids, isolated 
from hydrolysates of the two enzymes, were found to be radioactive and 
their specific radioactivities were measured. From a comparison of the 
specific activity of each amino acid in one protein to that of its counterpart 
in the other, information was gained concerning the relative rates of me- 
tabolic turnover of the two proteins and the nature of the process of incor- 
poration of amino acids into the proteins during synthesis. 


Methods 


Isolation of Enzymes—A 3.5 kilo rabbit was injected in the ear vein with 
a solution containing 0.1 me. each of glycine-1-C", pL-alanine-1-C"™, pL- 
lysine-2-C', pi-phenylalanine-3-C", and p.t-methionine-S*. After 38 
hours, the animal was sacrificed and the enzymes were crystallized from 
extracts of the skeletal muscle by the methods of Cori, Slein, and Cori (2). 
Each enzyme was recrystallized six times. Special attention was given to 
the aldolase purification, since its maximal turnover number is sometimes 
difficult to attain. The aldolase activity was measured with the optical 
test system of Warburg and Christian (3), with an excess of hexose diphos- 
phate, glyceraldehyde-3-phosphate dehydrogenase, diphosphopyridine nu- 
cleotide, and limiting amounts of aldolase. Constant specific enzymatic 
activity was obtained after six recrystallizations and the maximal turnover 


* This work was aided by a grant from the American Cancer Society on the recom- 
mendation of the Committee on Growth of the National Research Council. 

t Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, Yale University, New Haven, Connecticut. 
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number obtained was essentially that found by Baranowski and Nieder. 
land in this laboratory (4). In 3 mg. samples of both enzymes, no con. 
tamination by triosephosphate isomerase, a-glycerophosphate dehydro. 
genase, or lactic dehydrogenase could be detected spectrophotometrically, 
In addition, each enzyme was free of contamination by the other. Elec. 
trophoresis and sedimentation measurements of such preparations show 
only one componertt. 

Isolation of Amino Acids—The enzymes were dialyzed against distilled 
water to remove ammonium sulfate. Mercaptoethanol at a final concen- 
tration of 15 per cent was then added to the dialysis sac and the dialysis 
was continued against a 15 per cent mercaptoethanol solution in an atmos- 
phere of nitrogen. This treatment was adopted to remove any peptides 
or amino acids bound to the proteins through divalent metal linkages or 
through disulfide bonds. The mercaptoethanol was then removed by pro- 
longed dialysis against distilled water at 3°. The enzymes were precipi- 


tated by boiling at pH 4.5. After two washings with water, the denatured | 


protein was dried. The yield of each protein was about 0.5 gm. 

The proteins were hydrolyzed for 17 hours in 6 N hydrochloric acid under 
nitrogen. The hydrochloric acid was distilled off with several additions of 
water and the residue was then taken to dryness over soda lime and an- 
hydrous calcium sulfate under reduced pressure. The individual amino 
acids were separated on Dowex 50 ion exchange columns with hydrochloric 
acid solutions as developing solvents by the method of Stein and Moore 
(5). Approximately 1200 eluate fractions were taken with each hydroly- 
sate and the amino acid concentrations in the fractions were then deter- 
mined by the quantitative ninhydrin method (6). In general, the results 
were in agreement with the previously determined amino acid compositions 
of the two proteins (7). 


Treatment of Individual Amino Acids 


Glycine—The glycine peak was completely separated in the chromato- 
gram from those of the other amino acids. After removal of the hydro- 
chloric acid from the appropriate pooled fractions, the amino acid solution 
was taken to dryness and the glycine was obtained as a crystalline deposit. 
Relatively large samples of the glycine were tested for identity and purity 
on paper chromatograms with phenol-water and lutidine-water as solvents. 
Half of the crystalline material was decarboxylated with ninhydrin at pH 
2.5 according to the method of Van Slyke and coworkers (8) and the lib- 
erated carbon dioxide was trapped in barium hydroxide. Contamination 
of the glycine by soluble substances cleaved from the resin by the hydro- 
chlorie acid did not interfere with the decarboxylation nor did these sub- 
stances evolve carbon dioxide on treatment with ninhydrin. 

The barium carbonate was washed three times with hot water, twice 
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with alcohol, and once with ether. A sample was weighed out, taken up 
in acetone, and ground to a fine powder in a small mortar. The salt was 
then allowed to settle from acetone suspension onto a weighed aluminum 
planchet (9). After evaporation of the acetone, the planchet was weighed 
and the radioactivity of the barium carbonate was measured. 

A second sample of the glycine was converted to the p-iodophenylsul- 
fonyl derivative (10). The derivative was recrystallized from water as the 
free acid and the crystals, after being dried, were dissolved in anhydrous 
ether and precipitated as the ammonium salt by bubbling ammonia gas 
through the solution. The ammonium salt was washed with ether and 
then allowed to settle from ether suspension on a weighed planchet. After 
measuring the radioa’ :ivity, the salt was dissolved from the planchet in 
dilute aqueous ammonia and recrystallized several times alternately as the 
free acid and the ammonium salt. The specific activity did not change. 

Alanine—Alanine emerges from the column as a well separated peak. 
The isolated amino acid was tested for identity and homogeneity by paper 
chromatography and was found to contain no contaminating amino acids. 
The specific radioactivity of the carboxyl group was measured in the same 
manner as described for glycine. 

Tyrosine—The tyrosine peak was well separated from those of the other 
amino acids. After removal of the hydrochloric acid the tyrosine was 
recrystallized three times at its isoelectric point to separate it from small 
amounts of soluble cleavage products of the resin. No amino acid im- 
purities could be detected on paper chromatograms. The crystals were 
mounted for radioactivity measurement by the sedimentation method. 
Since the amounts were small, the tyrosine on the planchets was deter- 
mined by redissolving the sample, removing any ammonia, and deter- 
mining the tyrosine concentration, after dilution to volume, by the ninhy- 
drin method. 

Lysine—The lysine obtained from the main fractions of the lysine peak 
was free of other amino acids. It was crystallized twice as the mono- 
hydrochloride from ethanol-water solution with the aid of pyridine. The 
specific activity was determined in the manner described for tyrosine. 

Methionine—The methionine peak from the column overlapped that of 
isoleucine. Since the methionine sulfur was to be converted to inorganic 
sulfate for radioactivity measurement, this produced no complications. 
However, the soluble cleavage products from the sulfonated resin had to be 
eliminated. This was done by treating the solution with fluorodinitroben- 
zene according to the method of Sanger (11). The 2,4-dinitrophenyl- 
methionine was extracted from acid solution with ether in which the im- 
purities were found to be insoluble. After several partitions between ether 
and aqueous solutions at acid and alkaline pH values, the derivatives were 
oxidized to inorganic sulfate with Pirie’s reagent. The sulfate was isolated 
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as the benzidine salt. The specific radioactivity of the benzidine sulfate 
was obtained by counting and titrating the benzidine sulfate (12). 

Proline—Proline emerged from the column as a symmetrical peak well 
separated from valine and methionine. However, when chromatographed 
on filter paper with the lutidine-water system, there was evidence of two 
ninhydrin-positive impurities, one with a greater and one with a smaller 
Ry than proline. The more rapidly moving spot had about the same R, 
as that of tryptophan. The proline was separated from the impurities by 
preparative paper chromatography. The solution was applied in a line 
parallel to the edge of a sheet of 24 X 24 inch Whatman No. | filter paper. 
Development with lutidine-water yielded three well separated bands, lo- 
cated by cutting narrow strips from each edge of the paper and spraying 
them with ninhydrin. The long proline band was then cut out and eluted 
by mounting the paper strip vertically in a chromatographic tank with 
water as a descending solvent. 25 to 35 ml. of water were allowed to drip 
from the pointed ends of the strips. About 15 mg. of proline could be sepa- 
rated per sheet of paper in this way. The solution now revealed only 
proline in paper chromatograms. The amino acid was treated with ninhy- 
drin and the specific activity of the resultant BaCO; was measured. 

Aspartic Acid—Aspartic acid overlaps serine slightly in acid eluates of 
the resin column. The aspartic acid fractions from aldolase that were 
selected for pooling did not contain serine and the acid obtained appeared 
as a single substance in paper chromatograms. The fractions from the 
dehydrogenase were found to contain some serine. Preparative chroma- 
tography as described above, but with phenol-water as the developing sol- 
vent, was employed to effect the final separation. The radioactivity of the 
carbon dioxide produced in the ninhydrin reaction was determined as pre- 
viously described. Both carboxyl groups of aspartic acid are removed by 
this treatment. 

Glutamic Acid—The glutamic acid eluted from the column was separated 
from threonine and traces of serine by preparative paper chromatography 
in the phenol-water system. Decarboxylation was accomplished as de- 
scribed above, but it yields only the a-carboxyl. 

Serine—The pooled serine-threonine fractions obtained from the column 
also contained some glutamic acid. These fractions were resolved by pa- 
per chromatography. Since the serine was derived from glycine-1-C%, it 
was carboxyl-labeled. The radioactivity of the carboxyl group was meas- 
ured after converting it to barium carbonate. 

Arginine—The column did not separate arginine from phenylalanine. 
These amino acids were separated from each other by paper chromatog- 
raphy with lutidine-water as the developing solvent. In the arginine iso- 
lated by this method, no ninhydrin-positive material other than arginine 
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could be detected. The arginine was treated with arginase and urease to 
convert the amidine carbon to carbon dioxide.!. The carbon dioxide so 
obtained was trapped by barium hydroxide and counted as barium carbo- 
nate. The ornithine remaining in solution after deproteinization was de- 
carboxylated with ninhydrin for measurement of the activity of the car- 
boxy! group. 

Phenylalanine—This amino acid, free of other amino acids, was obtained 
from the same preparative paper chromatograms that were used in the puri- 
fication of arginine. Since phenylalanine was labeled in the 3 position, the 
ninhydrin reaction could not be utilized in the determination of the radio- 
activity. Impurities are usually introduced in paper separations, and, al- 
though these were found not to interfere with decarboxylation by ninhy- 
drin, they rendered recrystallization of a small amount of free amino acid 
difficult. The phenylalanine was therefore converted to the p-iodophenyl- 
sulfonyl derivative and purified in the manner described for glycine. Con- 
stant specific activity was obtained after alternate cycles of crystallization 
as the free acid and precipitation as the ammonium salt. 

Examination of Other Protein Fracttons—In the isolation of the enzymes, 
protein fractions precipitated by 0 to 50 and 52 to 72 per cent saturation 
with ammonium sulfate were obtained. These were precipitated and 
washed with 5 per cent trichloroacetic acid. In addition, the muscle resi- 
due, after extraction with dilute potassium hydroxide and water to remove 
the soluble enzymes, was extracted by the method of Greenstein and Edsall 
(13) for the isolation of myosin. The myosin was reprecipitated twice by 
dilution of its salt solution and showed strong double refraction of flow. 
The myosin fraction and the muscle residue, after the extraction of myosin, 
were then precipitated and washed with 5 per cent trichloroacetic acid. 
Samples were also taken from liver and plasma and were precipitated and 
washed with trichloroacetic acid. Each crude protein fraction was hy- 
drolyzed with 6 N hydrochloric acid for 16 hours. Cysteine and cystine 
were removed by centrifugation from the hydrolysates as the cuprous mer- 
captides (12). Methionine sulfur was obtained from the supernatant solu- 
tion as benzidine sulfate after oxidation with Pirie’s reagent. 

Radioactivity Measurements—The samples prepared for counting by the 
sedimentation method were each of very nearly uniform thickness and of 
circular cross-section. Two windowless flow counters were used, posses- 
sing a background of 20 and 6 ¢.p.m., respectively. A permanent standard 
was used routinely to test the counting performance. Corresponding pairs 
of amino acids were adjusted to approximately equal weights before count- 
ing to minimize differential self-absorption corrections. 


1 We are indebted to Dr. D. M. Greenberg for a sample of arginase. 








The results are summarized in Table I. 
that were injected were all found to be radioactive in the proteins. 


Results 
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The five labeled amino acids 


In 


addition, several other amino acids had become labeled through metabolic 


interconversions. 


TABLE I 


Specific Radioactivities of Amino Acids Isolated from Aldolase and 
Glyceraldehyde-3-phosphate Dehydrogenase 








The specific activities of the various labeled amino acids 



































Specific 
Size of samples | Specific activity | Relative activity | activity 
Form used for ratio 
— a |. | co Gm | pe lane 
"ae | sss | “ee rsss| “se | ess Patz 
al aad 5 na pom } 
Methionine Benzidine 10.4 | 23.5 108 \59. 5 {100 100 1.82 
sulfate | | | 
Phenylalanine | Pipsylphenyl- | 3.75} 4.31) 83.2 (43.5 | 77.0 | 73.1 1.91 
alanine | | | 
Tyrosine Tyrosine | 22-4 13.8 | 37.8 [21.4 | 36.0 | 36.0 | 1.77 
Lysine Lysine-HCl =| 38.9 | 35.9 | 20.0 (11.4 | 18.5 | 19.2 1.7 
Glycine Pipsylglycine | 29.7 | 22.7 | 16.4 | 9.92 | 15.2 | 16.7 | 1.65 
™ Carboxyl C as 1108 {117 | 15.0 | 8.95 | 13.9 | 15.0 1.68 
| BaCO; | | 
Serine ‘is " 57.9 | 54.3 | 9.97 | 5.22 | 9.24 | 8.78 | 1.91 
Alanine “g |105 i110 | 4.29 | 2.31 | 3.48 | 3.88 | 1.86 
Glutamic acid | " “ | 76.7 | 77.0 0.756) 0. 422 0.700, 0.709) 1.79 





In addition to the specific activities above, measurements were also made of the 
specific activities of the carboxyl carbons of proline and arginine, of the a- and 
8-carboxyl groups of aspartic acid, and of the amidine carbon of arginine. The 
activities of these amino acids were barely above background and the statistical 
counting errors were therefore large. The observed ratios were 1.36, 2.06, 1.35, and 
1.60, respectively. No activity could be detected in the carboxy] carbon of histidine. 
The deviations of these ratios from the mean of the ratios in the last column are all 
within the limits of errors of the measurements (see the text). 


in a given protein varied considerably more than those of the injected 
amino acids, which were all approximately 0.5 me. per mm. This was to 
be expected, since the concentrations of the free amino acids with which 
they had become diluted in the tissue were not the same. The relatively 
low activity of alanine probably is a reflection of its rapid equilibration with 
pyruvic acid, as well as its dilution by a large endogenous alanine pod. 
The results also indicate a rapid conversion of glycine to serine and df 
phenylalanine to tyrosine. 
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It is to be noted that the relative specific activities of the amino acids in 
aldolase, referred to methionine as 100, are very similar to the correspond- 
ing relative activities in the dehydrogenase. The results are also expressed 
in the last column of Table I as a series of ratios of the specific activity of 
each amino acid in aldolase to the specific activity of the same amino acid 
in the dehydrogenase. It will be noted that the ratios are remarkably 
close to one another. 

How far the interpretation of these results can be carried depends in 
part upon whether the small deviations among the specific activity ratios 
are significant or whether the ratios are actually equal. On the basis of 
counting a sample replated several times, the total error (standard devia- 
tion) in a specific activity determination may be estimated to be about 4 
per cent, although neither the statistical counting error itself nor the weigh- 
ing error exceeds 1 per cent. The reason for the higher total error lies in 
the slightly uneven plating of the samples, a factor which becomes con- 
siderably more critical when a windowless counter is employed unless ‘‘in- 
finitely”’ thick samples are used. It may be seen that the deviations of the 
various ratios from the mean of 1.81 are about 5 per cent or less, except in 
the case of glycine for which the deviation is about 7 per cent. 

The significance of the results with aspartic acid which are mentioned 
in the legend to Table I cannot be evaluated, because it was not determined 
whether the removal of both carboxyl groups, which may well have been 
unequally labeled (14), was quantitative. Moreover, the measured ac- 
tivities of the carboxyl groups of this amino acid, as well as of proline and 
arginine, were only slightly above background with consequent counting 
errors as high as 25 per cent. 

As a check on the ninhydrin decarboxylation, the ratio for glycine was 
determined in two ways. The specific activity both of the carboxyl group 
and of the p-iodophenylsulfonyl derivative of the whole amino acid was 
measured. The activity ratios by both methods are in good agreement. 
The slightly higher specific activity of the pipsyl derivative may result from 
differences in the extrapolation to infinitely thin layers in the self-absorp- 
tion corrections. 

Table II shows the extent of incorporation of methionine-S* into various 
protein fractions of muscle. It should be noted that all fractions except 
the aldolase and triosephosphate dehydrogenase are mixtures of many pro- 
teins, although the myosin fraction is composed chiefly of myosin. It is 
evident, then, that the specific radioactivities obtained in the case of the 
impure fractions are average values. The turnover rate of the most active 
fraction of muscle is only about twice that of the least active fraction. 
Neither very active nor very inactive muscle fractions have been found, in 
general confirming the findings of Bidinost on rats (15). The possibility is 
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not excluded, however, that the impure fractions may contain mixtures of 
some highly radioactive proteins and some very inactive proteins resulting 
in the moderate turnover rates obtained. The low rate of turnover of the 
muscle proteins, in general, as compared with the turnover of proteins of 
other tissues (Table II) has been noted in various animals in a number of 
laboratories. 


TABLE II 


Specific Radioactivity of Methionine Sulfur in Various Protein Fractions 
of Rabbit Muscle 


Specific activity of 


Protein fraction methionine sulfur 





C.p.m. per um 
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I ocala. sivas outs aie vetoes ia b'p wale aoe essa 132 
I SR ee ee Sn ee Se 122 
Aldolase... ee : es Bb ia cok omic 108 
0.52-0.72 fraction*..... Sf Ceitys. eed Lee caret ies 95.5 
Dehydrogenase............. pre Ret ante an ge 59.5 
Ee area ey LA acre ataek Pawan fits ack Sa SS 525 
Plasma proteins.... nies gence eT eee 482 


* Protein fraction, which precipitates in the designated range of ammonium 
sulfate concentration, expressed as fractions of the concentration of ammonium 
sulfate solutions saturated at 26°. 


DISCUSSION 


If individual proteins are isolated in tracer experiments, the pattern of 
labeling in the proteins may provide information concerning the inter- 
mediates involved in their synthesis. A problem of particular interest is 
whether the incorporation of labeled amino acids in the tissue proteins of a 
non-growing animal represents (a) the synthesis of new protein molecules 
entirely from amino acids or non-peptide amino acid derivatives or (b) 
whether the labeling can result from mechanisms involving the utilization 
of small or large peptide intermediates. The latter possibility includes a 
variety of exchange reactions that can be postulated to occur between pro- 
teins and free amino acids or peptides as well as the stepwise synthesis of 
new protein molecules from peptides. 

It was observed that the specific activity of each amino acid in aldolase 
was, within the limits of experimental error, 1.8 times the specific activity 
of the corresponding amino acid in the dehydrogenase. Regardless of the 
mechanism of synthesis, the constant ratio means that the two proteins 
are synthesized from the same pool of amino acid precursors and that the 
two proteins turn over metabolically at different rates. From the equality 
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of the specific activity ratios it also appears that the amino acids in all 
parts of a given protein molecule are replaced at the same rate. If this 
were not the case, the average specific activity of glycine in aldolase, for 
example, would depend upon the relative number and positions of the 
glycine residues in the various parts of the molecule. Likewise the average 
specific activity of glycine in the dehydrogenase would be a function of the 
individual amino acid sequence in this protein. The ratio of the average 
specific activities of glycine in the two proteins would thus be the result- 
ant of several factors and these factors would be different for each amino 
acid and protein considered. In view of the differences in amino acid com- 
position (7) and in the amino end-groups (16, 17), the amino acid sequences 
in aldolase and the dehydrogenase should differ in many ways. It would 
therefore be expected that only fortuitously might two specific activity 
ratios be equal. The equality of eight ratios selected at random thus sup- 
ports the view that in the present experiments a given amino acid is re- 
placed at the same rate in whatever position it occurs in a given protein. 

This conclusion does not exclude mechanisms either of type (a) or of 
type (b) outlined above. It is a condition, however, that is to be expected 
if the proteins are synthesized by mechanism (a). If peptide intermediates 
do intervene in any way in the synthesis, the present results impose the 
important restriction that the peptides are all in isotopic equilibrium with 
the free amino acid pools. This could occur because of rapidly reversible 
reactions or because the preformed peptides are present in amounts too 
small to cause appreciable dilution of the labeled peptides. Thus, equal 
labeling would be obtained both in the case of the ‘‘equilibrated” peptide 
intermediates and in the case of the type (a) mechanism. 

The observation that ethionine, a competitive analogue of methionine, 
inhibits the incorporation of isotopically labeled amino acids other than 
methionine into tissue proteins (18) made it appear unlikely that the pro- 
teins had become labeled as a result of independent exchange reactions be- 
tween proteins and amino acids or peptides. It was suggested, therefore, 
that the incorporation of the labeled amino acids was the result of the 
synthesis of new protein molecules. The equal labeling obtained in the 
present experiments also speaks against such exchange reactions, since it 
would not be expected that any given amino acid would have the same rate 
of exchange in all of its positions in the protein molecule. The ethionine 
experiments are thus consistent with the present results. 

The pattern of isotopic labeling in individual proteins has recently been 
investigated in several laboratories. Muir, Neuberger, and Perrone (19) 
found that equal labeling occurs in the internal and N terminal valine resi- 
dues of hemoglobin isolated from rats that had received valine-C“. A 
preliminary report by Askonas, Campbell, and Work (20) on the isolation 
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of labeled peptides from a partial hydrolysate of casein indicates equal 
labeling throughout the casein molecule. These results are thus in accord 
with the present findings. 

The chief evidence in support of the non-uniform labeling of proteins 
has come from the experiments of Anfinsen and coworkers who incubated 
tissue preparations with C-labeled bicarbonate or amino acids. They 
found with both ovalbumin (14) and ribonuclease (21), which were isolated 
with carriers, that the same amino acid isolated from different portions of 
the partially degraded protein had widely different specific activities. Al- 
though their results with ovalbumin labeled in vivo were less conclusive in 
this respect, they concluded that the synthesis of the proteins was a step- 
wise process involving a series of peptide intermediates, the members of 
which turned over at different rates. 

The differences in the results obtained in vivo with the muscle proteins, 
hemoglobin, and casein, and in vitro with ovalbumin and ribonuclease, 
may arise from a variety of causes which are difficult to evaluate at present, 
The possibility that the equal specific activity ratios obtained in our experi- 
ments are the result of isotopic equilibration during the longer time inter- 
vals employed is being examined in experiments of different duration, the 
shortest with a time interval of 30 minutes. 


SUMMARY 


1. Aldolase and glyceraldehyde-3-phosphate dehydrogenase were crystal- 
lized from the muscle of a rabbit after a single injection of five radioactive 
amino acids. 

2. Eleven amino acids isolated from hydrolysates of the two enzymes 
were found to be radioactive and the specific radioactivities of eight of 
these could be measured with an accuracy of about +4 per cent. 

3. Each amino acid in aldolase was 1.8 times as active as the correspond- 
ing amino acid in the dehydrogenase. 

4. Each labeled protein molecule thus appears to have been synthesized 
completely from the same amino acid pool. Aldolase is considered to turn 
over 1.8 times as rapidly as the dehydrogenase. 

5. The bearing of these findings upon the mechanism of protein synthesis 
is discussed. 


We wish to express our thanks to Dr. C. F. Cori, Dr. G. T. Cori, and Dr. 
M. Cohn for their suggestions and interest during the course of this work. 
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ISOLATION OF RADIOACTIVE CHOLESTEROL FROM 
PLASMA* 


By R. 8. ROSENFELD, LEON HELLMAN, W. J. CONSIDINE,{ anp 
T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, November 10, 1953) 


Certain phases of the metabolism of cholesterol have been under investi- 
gation in our laboratories, particularly the biosynthesis from acetate and 
transformation into other steroids. Since plasma cholesterol must be iso- 
lated for radioactivity measurement, it was important to determine how 
much purification of the cholesterol is required for reproducible and reliable 
counting data. This paper describes a procedure for isolating from plasma 
or red blood cells, plating, and counting cholesterol of adequate radio- 
chemical purity to permit accurate interpretation of biochemical and physi- 
ological problems. Schwenk and Werthessen (1) have called attention to 
“high counting companions” which they find in radioactive cholesterol iso- 
lated from liver perfused with acetate-C" in short term experiments; this 
work has been substantiated in experiments with intact rats (2). These 
contaminating substances remained with the sterol through various puri- 
fication steps and could only be removed by purification of the cholesterol 
through the dibromide. Fieser (3, 4) has shown that cholesterol isolated 
from natural sources is almost invariably accompanied by sterols which 
resist separation from cholesterol by orthodox procedures. He has iden- 
tified three of these substances as A’-cholestenol, cholestanol, and choles- 
tane-38 , 5a ,68-triol; at least a fourth is present. 

The procedure described here for the isolation of blood cholesterol is a 
modification of the Sperry-Webb method (5), expanded to accommodate 
larger plasma samples. A principal point of difference from the original 
procedure is that use is made of the same plasma sample for isolation of 
both free and “ester” cholesterol, somewhat in the manner described by 
Gardner, Gainsborough, and Murray (6). Cholesterol esters are coprecip- 


* This investigation was carried out under contract No. AT(30-1)-910 with the 
United States Atomic Energy Commission and supported in part by a research grant 
(No. C-440) from the National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. The authors also gratefully acknowledge the 
assistance of grants from the American Cancer Society (on recommendation of the 
Committee on Growth of the National Research Council), the Anna Fuller Fund, 
and the Lillia Babbitt Hyde Foundation. 

t Present address, Department of Chemistry, Yale University, New Haven, Con- 
necticut. 
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itated with the free cholesterol digitonide and are separated by appropriate 
washing procedures. The cholesterol ester fraction is saponified, and the 
liberated “‘ester” cholesterol is obtained. Under the conditions of our ex. 
periments, no serious contamination of plasma cholesterol, either free or 
esterified, by high counting substances has been encountered. 


EXPERIMENTAL 


Standard Procedure for Isolation of Radioactive Serum Cholesterol from 
Human Plasma—Approximately 15 ml. of plasma are introduced slowly 
with swirling into a flask containing about 300 ml. of 1:1 acetone-alcohol, 
The solvent is heated to boiling for 1 minute, and the suspension is filtered 
through a sintered glass funnel. The precipitate is washed twice with 
acetone-alcohol, and the volume of the serum filtrate plus washings is from 
400 to 450 ml. The clear filtrate is transferred to a stoppered 1 liter gradu- 
ated cylinder, and the following reagents are added: 1 ml. of 50 per cent 
acetic acid, 180 ml. of 0.4 per cent clear, aqueous digitonin solution, and 
100 ml. of water. The cylinder is inverted several times to insure adequate 
mixing and is stored overnight. The initial turbidity in the solution co- 
agulates after standing to form a precipitate that settles to the bottom of 
the cylinder. Without disturbing the precipitate, the supernatant solution 
is siphoned off, and the residual slurry (usually about 30 to 40 ml.) is 
transferred to a 50 ml. centrifuge tube. The supernatant solution is es- 
sentially free from cholesterol. 

Free Cholesterol—After centrifuging the precipitate from the supernatant 
solution, the gelatinous solid is washed with 5 to 8 ml. of each of the fol- 
lowing solutions: 1:1 acetone-alcohol (twice), 1:1 acetone-ether (once), and 
ether (twice); after each treatment the precipitate is centrifuged and the 
supernatant solution is reserved for isolation of “ester” cholesterol. This 
sequence is hereafter referred to as Washing Procedure 1. The washed 
free cholesterol digitonide is suspended in about 2 ml. of 1:1 acetone-aleo- 
hol for plating prior to counting. 

“Ester”’ Cholesterol—The organic solvent washes from the free cholesterol 
digitonide are concentrated to dryness on a steam plate under nitrogen. 
The residual oily solid is leached three times with 100 ml. of hot petroleum 
ether (b.p., 60°), and the petroleum ether solution is filtered. This solu- 
tion is concentrated in vacuo to a small volume and transferred to a 50 
ml. centrifuge tube, where the remaining solvent is removed on a boiling 
water bath. The residual oil in the tube is heated for 10 minutes in a 
boiling water bath with 2 ml. of 5 per cent potassium hydroxide in 90 per 
cent ethanol. After cooling, the volume is adjusted to 2 ml., and contents 
are acidified with glacial acetic acid (phenolphthalein indicator), and 2 ml. 
of acetone are added. Into this mixture, containing oily droplets of fatty 








acid, 1% 
The so 
forms. 
fuged f 
boiling 
and tw 
This is 
tonide - 
for assé 
ously. 
digiton 
saponif 
were al 
erable 
require 
Platt 
plated 
handle 
tonide 
em.). 
of the 
necessé 
evapor 
peratul 
mg. of 
The 
use of 
tions p 
taken 1 
Dete 
tions— 
to eval 
of the 
C¥ (1 
of bloc 
ture. 
in det 
were si 
red ce 
with a 
red cel 
alcoho 





vly 
ol, 


) is 


ant 


und 
the 
‘his 
hed 


ico- 


rol 
en. 
um 
lu- 





ROSENFELD, HELLMAN, CONSIDINE, AND GALLAGHER 75 


acid, 12 ml. of 0.4 per cent digitonin in 85 per cent ethanol are introduced. 
The solution immediately becomes cloudy, and a flocculent precipitate 
forms. After remaining overnight, the cholesterol digitonide is centri- 
fuged from the liquid and is washed three times with 4 to 8 ml. portions of 
boiling water, twice with 1:1 acetone-alcohol, once with 1:1 acetone-ether, 
and twice with ether; the precipitate is centrifuged after each washing. 
This is hereafter referred to as Washing Procedure 2. The washed digi- 
tonide is suspended, while wet, in 2 ml. of 1:1 acetone-alcohol to be plated 
for assay. Eight samples can be carried through the procedure simultane- 
ously. (The quantities used in the precipitation of “ester” cholesterol 
digitonide presuppose the presence of about 10 mg. of cholesterol after 
saponification. Although more than this amount might be anticipated 
were all the manipulations completely quantitative, it was considered pref- 
erable to avoid any needless coprecipitation of digitonin in excess of the 
requirement for plating and radioactive assay.) 

Plating Procedure and Radioactive Assay—All samples of cholesterol were 
plated for counting as cholesterol digitonide since the compound was easily 
handled, and the weight was thus increased 4-fold. The cholesterol digi- 
tonide suspensions were plated on stainless steel planchets (area, 1.68 sq. 
em.). Care was taken not to permit the suspension to flow over the edge 
of the shoulder of the planchet, and several applications were sometimes 
necessary to obtain a satisfactory layer. The solvent was allowed to 
evaporate after each application. The planchets were dried at room tem- 
perature, then at 60° for 1 hour. For best counting results, more than 8 
mg. of cholesterol digitonide should be placed on each planchet. 

The planchets were counted in a windowless flow gas counter and, by 
use of suitable conversion factors, the data were expressed as disintegra- 
tions per minute per mg. of cholesterol digitonide. Sufficient counts were 
taken to insure a probable counting error of not more than +3 per cent. 

Determination of Radiochemical Homogeneity of Plasma Cholesterol Frac- 
tions—To provide a sample of human biosynthetic cholesterol large enough 
to evaluate the various purification procedures studied in the development 
of the method, two patients were each given 200 uc. of sodium acetate-2- 
C“ (1 me. per mm) by mouth, and after 6 hours approximately 1100 ml. 
of blood were withdrawn into an acid-citrate-dextrose anticoagulant mix- 
ture. The procedure and results of only one experiment will be reported 
in detail, since both agreed in the essential features. 550 ml. of plasma 
were separated from 560 ml. of packed red cells by centrifugation. The 
red cells were washed three times with isotonic saline, then hemolyzed 
with an equal volume of distilled water. The plasma and the hemolyzed 
red cells were separately extracted with about 10 volumes of 1:1 acetone- 
alcohol solution. The solid residue in each instance was washed twice 
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with 1:1 acetone-alcohol, and the washings were added to the original 
filtrate. The plasma filtrate (5800 ml.) was divided into two parts: Fil. 
trate A (2200 ml.) and Filtrate B (3600 ml.). Filtrate A was evaporated 
to 1400 ml. and extracted with 3 liters of petroleum ether in two portions, 
and the petroleum ether extract was chromatographed on approximately 75 
times its weight of acid-washed alumina. The column was successively 
eluted with petroleum ether and mixtures of petroleum ether and benzene, 
The cholesterol esters were removed from the column with petroleum ether, 
the plasma lipides were eluted in the range of from 80 per cent petroleum 


TABLE [ 


Examination of Plasma Cholesterol for Radiochemical Homogeneity 9 Hours and | 
Week after Administration of Acetate-2-C™ 





| Specific activity of cholesterol digitonide* 


Time Free | “F, ter” 
after dose asl } iat 


| Procedure | Procedure | Procedure | Procedure 
A | B | A | 





days | | | 
“Standard”? methed..................-. 0.37 | | 763+ | | 258 
Chromatographed..................... | 6.37 730t 712 242 236t 
Purified via 5,6-dibromocholestane-36- 
Se ee 229 
‘Mtemased”’ method... .....66.5..6000.) 7 | 201f | 230 
Chromatographed.................400: vj | 210 218 
Purified via 5,6-dibromocholestane-36- | 
MS eT ER Se ak Gace aed 7 215 =| 214f | 232 =| 225 





* Disintegrations per minute per mg. of cholesterol digitonide. 
’ + Average of duplicate determinations. 


ether-20 per cent benzene to 70 per cent petroleum ether-30 per cent ben- 
zene, while free cholesterol was obtained in the 60 per cent petroleum 
ether-40 per cent benzene eluates. 

In the analysis of Filtrate B, the quantity of reagents used was 20 times 
that of the “standard procedure.” The acetone-alcohol extract (11,000 
ml.) of the hemolyzed red cells, which contains chiefly free cholesterol, was 
treated in a manner similar to that applied to Filtrate B. These proce- 
dures are summarized in Figs. 1, 2, and 3. A similar series of purification 
steps was carried out on cholesterol digitonide isolated from plasma ob- 
tained from a patient given 200 uc. of acetate-2-C“ 7 days previously 
(Table I). The cholesterol obtained at various stages in the purification 
experiments was precipitated as the digitonide in a manner identical to 
that described for “ester” cholesterol in the standard procedure. Analysis 
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of the digitonide samples by the Sperry-Webb (5) procedure! showed the 
cholesterol content to be 23.7 + 1.2 per cent; the theoretical value is 23.9 
per cent. 

Study of Optimal Conditions for Precipitation of Cholesterol Digitonide— 
Aleohol-acetone (1:1) solutions of radioactive cholesterol (2.5 mg. per ml.) 
were treated with varying concentrations of digitonin in 85 per cent ethanol 
and allowed to stand overnight in stoppered 50 ml. centrifuge tubes. The 
precipitated cholesterol digitonide samples were subjected to Washing Pro- 
cedures 1 and 2 (as described above). The results (Table II) show that 
the concentration of alcoholic digitonin clearly affects the composition of 
the cholesterol digitonide. Washing the original precipitate first with hot 


Tas_e II 
Coprecipitation of Digitonin by Cholesterol Digitonide 





Specific activityt 











Cholesterol-C™ Digitonin concentration |——--—--__- nea ee aap enbaemeniae 
sample No. in 85 per cent ethanol® | No hot water | Hot water 
| (Washing Procedure 1) (Washing Procedure 2) 
per cent 

1 4 105 | 268 

2 294 346 
2 2 103f 148§ 
3 0.4 177 181 
4 0.2 239 240|| 





* Quantities of reagents identical with those described in the experimental sec- 
tion for precipitation of cholesterol with alcoholic digitonin solution. 

+ Disintegrations per minute per mg. of cholesterol digitonide. Each reading 
represents the average of triplicate or quadruplicate determinations. 

t Cholesterol content, 16.0 per cent by colorimetric determination. 

§ Cholesterol content, 21.4 per cent by colorimetric determination. 

|| Cholesterol content, 23.5 per cent by colorimetric determination. 


water (Washing Procedure 2) removes much, but not all, of the adsorbed 
digitonin at higher concentrations of digitonin. With a 0.4 per cent digi- 
tonin solution in 85 per cent ethanol, there is virtually no coprecipitation 
of digitonin. 

That radioactivity measurements made on cholesterol as the free com- 
pound or as the digitonide agree within experimental error was shown by 
plating synthetic cholesterol-4-C"* from an aqueous slurry. The specific 
activity was 37.5 disintegrations per minute per mg. of cholesterol. The 
digitonide prepared from another sample of the same cholesterol (Proce- 
dure 2) had a specific activity of 9.6 disintegrations per minute per mg. of 
cholesterol digitonide, or 40.0 disintegrations per minute per mg. of equiv- 
alent cholesterol. 


1 Performed through the courtesy of Dr. Oscar Bodansky. 
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Results 


The radioactivity of cholesterol digitonide isolated from plasma and red 
blood cells and subsequently purified through different stages is shown in 
Figs. 1, 2, and 3. Comparison of Figs. 1 and 2 shows that the specific 
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Fig. 1. Separation, purification, and radioactivity of “free’’ and ‘‘ester’’ choles- 
terol of plasma; Procedure A. (*)Disintegrations per minute per mg. of cholesterol 
digitonide; average of triplicate or quadruplicate determinations. (+t)Cholesterol 
brominated, 5,6-dibromocholestane-38-ol debrominated with zinc-acetic acid (7, 8). 











activity of cholesterol obtained from either portion of the same plasma was 
essentially unaltered by further purification beyond the stages described in 
the standard procedure. Further, water washing of the precipitate ob- 
tained by the use of aqueous digitonin solution on plasma filtrates, as in 
the standard procedure or with Filtrate B, did not markedly affect the 
radioactivity (Figs. 2, 3). It is believed that the discrepancy between 
Fractions B-1 and B-la in Fig. 2 was a manipulative error due to the dif- 
ficulty in preparing acceptable planchets of the water-washed digitonide 
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which had been directly precipitated from plasma. 
borne out by the close agreement among Fractions B-1, B-2, and the sub- 


sequent samples of cholesterol digitonide. 


It is apparent from Fig. 1 that, after chromatography on alumina, the 
free cholesterol of the plasma filtrate was obtained in a form that was un- 


altered in specific activity by the further purification stages of dibromide 





F iltrate B 











Li 
Digitonin Precipitation 





| 






































This assumption is 














Precipitate: "Free" Cholesterol 
Supernatant Digitonide + Adsorbed Fats and 
Cholesterol Esters 
Washing Procedure 1 
[ 1 
"Free" Cholesterol 
Organic Washes [———__ Digitonide (8-1) 
. Hot Water 633 
Extracted with Washed 


, Petroleum Ether 
iL 








Petroleum Ether Extract 
Cholesterol Esters + Fats 








Saponified 2% KOH: 
Ether Extracted 
1 





"Free" Cholesterol 
Digitonide (B- la) 
565 




















j 








Acid “Ester” Cholesterol 
- WwW- 
Fraction’ (B 169 1) 

















' 
Purification through 
the Dibromide ' 

1 








“Ester” Cholesterol 
(B-W-2) 
164 





Fic. 2. Separation, purification, and radioactivity of “free” and “‘ester’’ choles- 
terol of plasma; Procedure B. Symbols as for Fig. 1. 
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formation, regeneration of cholesterol, and recrystallization to constant 
melting point. Similarly, the cholesterol esters of the plasma filtrate ob. 
tained by chromatography, when saponified and directly precipitated as 
cholesterol digitonide, had the same specific activity as the product ob. 
tained when further purification was applied. Therefore, both free and 
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Fig. 3. Separation, purification, and radioactivity of cholesterol of red blood 
cells. Symbols as for Fig. 1. 


“ester” cholesterol from Filtrate A were at constant specific activity and 
thus afford an objective standard to which the results of a more simplified 
procedure can be compared. The experiments with the other portion of 
this plasma sample (Filtrate B) formed the basis from which the standard 
procedure was developed. Fig. 2 shows that the digitonide of free choles- 
terol, precipitated with aqueous digitonin directly from the plasma filtrate 
and washed free of adsorbed lipide substances, was sufficiently pure for 


radioactive assay. There was only a 5 per cent change in subsequent puti- 
fication steps. 








Sinc 
purific 
terol ¢ 
teratic 
forma 
matog 
purpo: 
rectly 
the sp 
ther 5 
tivo st 
matog 


Radio¢ 





out o 
of act 
the ¢ 
terol 
This 
“este 
tion | 
Th 
tonic 
cent 
dine 
signi 
whet 
tive 
phys 
dioa 








tant 
» Ob- 


ob- 
and 


and 
ified 
n of 
lard 
oles- 
rate 
. for 
yuri- 








ROSENFELD, HELLMAN, CONSIDINE, AND GALLAGHER 81 





Since these experiments were undertaken primarily to determine whether 
purification over the dibromide (7, 8) was essential, the saponified choles- 
terol esters were first chromatographed on alumina. There was no al- 
teration in specific activity upon further purification through dibromide 
formation, and it was therefore desirable to establish whether or not chro- 
matography of the saponified “ester” cholesterol was necessary. For this 
purpose several samples of ‘“‘ester” cholesterol digitonide were obtained di- 
rectly from the saponified organic washes of free cholesterol digitonide, and 
the specific activity of this product was compared with that found after fur- 
ther purification by chromatography. From the specific activities at the 
two stages of purification (Table III) it is seen that the additional chro- 
matographic step is not needed. Similar purification procedures carried 


Tasie III 


Radioactivity of ‘‘Ester’’ Cholesterol Digitonide Precipitated Directly from Saponified 
Plasma Lipides before and after Chromatography* 





Specific activityt 








Sample No. etitindeate ] 
recipitated from 
non-saponifiable fraction | After chromatography 
M-7 282 | 268 
M-12 92 | 94 





* Patient given acetate-2-C™. 
t Disintegrations per minute per mg. of cholesterol digitonide. Each reading is 
the average of duplicate determinations. 


out on plasma cholesterol isolated 7 days subsequent to the administration 
of acetate-2-C showed that no contaminant of higher radioactivity than 
the cholesterol was present (Table I) and that the plasma “ester” choles- 
terol had a slightly higher specific activity than the free at this time. 
This is in agreement with the observation that the specific activity of 
“ester” cholesterol exceeds that of free cholesterol 2 days after administra- 
tion of a tracer dose of acetate-2-C™ (9). 

The specific activity of erythrocyte cholesterol, precipitated as the digi- 
tonide from the filtrate of the hemolyzed cells, was increased by 17 per 
cent (Fig. 3) when the precipitate (Fraction RC-1) was dissociated in pyri- 
dine (10) and again precipitated with digitonin (Fraction RC-2). No 
significant changes occurred in the subsequent steps. It is not certain 
whether the difference noted represented contamination by non-radioac- 
tive impurities or whether the original cholesterol digitonide, because of its 
physical characteristics, spread into such poor plates that satisfactory ra- 
dioactivity measurements could not be obtained; the plated material was 
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noticeably inferior in appearance. In either event the purification step of 
pyridine dissociation and reprecipitation is indicated. 

On the basis of these results, the standard method for the isolation of 
free and “ester” cholesterol was evolved. This procedure has been ap- 
plied to plasma in which cholesterol levels are normal, to hypercholesteric 
plasma, and to lipemic plasma in different clinical conditions and at vary- 
ing times after administration of the tracer dose. The results and inter. 
pretations of some of these experiments have been reported (11). 


DISCUSSION 


In studies involving the use of radioactive isotopes in cholesterol metabo- 
lism, at least two factors in the analytical method must be considered: (1) 
If cholesterol is to be precipitated as the digitonide complex and counted 
as such, the occlusion of excess digitonin in the precipitate must be avoided, 
(2) Contamination by small amounts of substances of high specific ae- 
tivity must be eliminated. In this study it was found that coprecipitated 
digitonin could be removed by washing with hot water, and that, under 
the conditions used, no high counting contaminants of cholesterol were ob- 
served. Schwenk and Werthessen (1) found “high counting companions” 
in cholesterol isolated from liver after a 30 minute perfusion with acetate- 
C™; after 4 hours they were essentially absent, in agreement with our find- 
ings for human blood removed 6 hours after the administration of radioac- 
tive acetate. The most significant change in radioactivity occurred when 
cholesterol digitonide, directly precipitated from an alcohol-acetone ex- 
tract of laked red blood cells, was dissociated in pyridine and the sterol so 
obtained was reprecipitated with digitonin. Although a non-radioactive 
impurity may have been removed, a more likely explanation for the ob- 
served increase in the radioactivity is the improved plating characteristics 
of the second precipitate. The difference in cholesterol content of these 
precipitates (Fig. 3) would not completely account for the observed differ- 
ence in specific activity. 

In Filtrate B (Fig. 2) the cholesterol esters and fat were coprecipitated 
with the free cholesterol digitonide; only traces of radioactivity were pres- 
ent in the supernatant solution. Nevertheless, an efficient separation into 
free and “ester” cholesterol of radiochemical purity was readily achieved. 
Also, there was no cross-contamination of free and “ester’’ cholesterol in 
this procedure or in the routine method developed from it. This was evi- 
dent from the close agreement with the specific activity of free and “ester” 
cholesterol isolated from a sample of the same plasma by use of a modified 
Kruckenberg (12) chromatographic separation, which precluded mixture 
of the two components. Moreover, the data in Table I, in which two sam- 
ples of plasma free and “ester” cholesterol were isolated by both the chro- 
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matographic method and the standard procedure, provide further evidence 
that contamination of one fraction by the other does not occur. Keegan 
and Gould (13) have also reported the separation of cholesterol fractions of 
plasma by chromatography. The standard method gives the same result 
and is more adaptable to the handling of several samples. 

Both an aqueous solution and an 85 per cent ethanol solution of digi- 
tonin were used for the formation of cholesterol digitonide. The alcoholic 
solution has the advantage that plates prepared from cholesterol, however 
impure, precipitated as the digitonide from essentially non-aqueous media, 
are superior in appearance and consistency of counting to those obtained 
when the complex is formed from solutions with a greater water content. 
Unfortunately, free cholesterol is too low in concentration in the alcohol- 
acetone filtrate from the usual sample of plasma to permit isolation, manip- 
ulation, and counting by the addition of 85 per cent ethanol solutions of 
digitonin. Of more importance, there would be little coprecipitation of 
cholesterol esters with this reagent. However, a refinement of the stand- 
ard procedure can be made by reprecipitation with 85 per cent ethanolic 
digitonin of the free cholesterol obtained after dissociation of the complex 
with pyridine (10). This additional step usually affords better plates with 
greater reproducibility of counting, and the modification has been used in 
many of our biochemical studies. No attempt has been made to obtain 
free and “‘ester” cholesterol quantitatively from plasma samples, and un- 
doubtedly there are losses in both fractions owing to the numerous washing 
procedures involved. However, a reproducible precipitate of constant 
composition, essentially free of radioactive contaminants, is obtained. 


SUMMARY 


1. Free cholesterol and “ester” cholesterol have been isolated from 
plasma, and free cholesterol has been obtained from the red blood cells of 
humans given acetate-2-C™. 

2. Isolation of these components from serum by two techniques, (a) a 
chromatographic separation and (b) a procedure allowing free and ‘‘ester”’ 
cholesterol to be obtained directly from the same plasma filtrate, showed 
no difference in radioactivity when appropriate cholesterol fractions were 
compared. 

3. The minimal number of purification steps necessary to obtain choles- 
terol of radiochemical homogeneity has been established. 

4. No highly radioactive contaminants in cholesterol of serum or red 
blood cells were found 6 hours after administration of acetate-2-C™. 

5. A standard method for the isolation of radioactive free and “‘ester’’ 
cholesterol from plasma and erythrocytes has been described. 
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By WALTER TROLL, SOL SHERRY, anp JOHN WACHMAN 


(From the May Institute for Medical Research of the Jewish Hospital Association, and 
the Departments of Biochemistry and of Medicine, College of 
Medicine, University of Cincinnati, Cincinnati, Ohio) 
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Plasmin, the proteolytic enzyme of mammalian plasma, occurs in its 
native state as an inactive proenzyme termed plasminogen (1). The acti- 
vation of plasminogen can be carried out by physical agents or by specific 
bacterial kinases (e.g. streptokinase) (1-3). Other terms which have been 
used synonymously with plasmin are serum tryptase (4) and fibrinolysin 
(5). 

Attempts to find synthetic substrates for this enzyme among amides and 
peptides have not been successful (3, 6). The recent introduction of amino 
acid esters as sensitive substrates for proteolytic enzymes (7) prompted us 
to investigate these compounds as possible substrates for plasmin. Three 
types of observations have led us to the conclusion that esters of lysine and 
arginine are specific substrates for this enzyme: (a) hydrolysis of these 
substrates markedly increased when plasma or partially purified plasmino- 
gen preparations were activated by known activators; (b) purification of 
plasminogen, and its subsequent activation, led to an increased splitting of 
these substrates; and (c) these substrates competitively inhibited the pro- 
teolytic action of plasmin, indicating that the same catalytic centers were 
involved in the action of plasmin on proteins and on these synthetic sub- 
strates. 


EXPERIMENTAL 
Preparations 


Plasminogen—Outdated human bank blood plasma and human plasma 
Fraction III' were used as source materials. The plasminogen-containing 
globulin fraction was precipitated from plasma by the Milstone technique 
(8) of diluting twenty times with water and adjusting to pH 5.2. Further 
purification of plasminogen from Fraction III, or from the plasminogen- 
containing globulin, was accomplished either by the isoelectric precipita- 


* Aided by a grant from the Lederle Laboratories Division, American Cyanamid 
Company. Presented in part at the Thirty-seventh annual meeting of the Federa- 
tion of American Societies for Experimental Biology, Chicago, March, 1953. 

1 Obtained through Dr. T. D. Gerlough of E. R. Squibb and Sons, through the 
courtesy of the American Red Cross. 
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tion of Remmert and Cohen (6), the acid extraction of Christensen and 
Smith (9), or the Kline procedure (10). The last consistently yielded the 
most active plasminogen preparations. 

Two other preparations were studied. Bovine fibrinolysin, a chloroform. 
activated plasmin, was obtained through the courtesy of E. C. Loomis, 
and human plasma Fraction III;, a plasminogen-rich fraction, through the 
courtesy of D. M. Surgenor. 

Substrates—p-Toluenesulfonylarginine was prepared according to Berg. 
mann et al. (11). The reaction mixture of arginine and p-toluenesulfony! 
chloride was adjusted to pH 9 to precipitate the crystalline p-toluenesul- 
fonylarginine. After one recrystallization from water, a melting point of 
250° was obtained (252° reported (11)). Esters of this compound were pre. 
pared by esterification at 0° with dry hydrochloric acid gas in the usual 
manner. The methyl ester of this compound (TAMe) after recrystalliza- 
tion from n-butanol melted at 146°. The elementary analysis of the TAMe 
prepared by this procedure was carbon 44.01 per cent, hydrogen 6.09 per 
cent, and nitrogen (Dumas) 14.8 per cent.2 The calculated theoretical 
values were carbon 44.4 per cent, hydrogen 6.07 per cent, and nitrogen 
14.8 per cent. 

Lysine ethyl ester (LEe) was prepared according to Werbin and Palm 
(12). The melting point of the dihydrochloride was 143° (reported, 144° 
' (12)). Other esters were prepared by known procedures (7). All com- 
pounds were analyzed by the micro-Kjeldahl method, and the N content 
agreed with the theoretical. 


Methods 


Esterase action was studied by quantitative ester determinations by the 
photometric Hestrin method (13) or by the titration of free carboxyl groups 
formed (14). Both methods gave identical values for the rate of esterase 
action. However, the titration method had the advantage of being more 
readily applicable at optimal substrate concentration and was adopted as 
the procedure of choice for the assay. 

Preliminary Observations—Maximal splitting of TAMe was observed at 
pH 9 (tris(hydroxymethyl)aminomethane (Tris) buffer) (14). With LEe, 
optimal activity was noted at pH 6.5 (imidazole buffer) (Fig. 1, a). The 
effect of substrate concentration on enzyme action revealed that the K, 
for TAMe was 4 X 10-* m and that maximal velocity was reached at 0.015 
M and maintained until 0.05 m substrate concentration. At higher sub- 
strate concentrations, striking inhibition of enzyme action became apparent 
(Fig. 1, b). The K,, for LEe was observed to be 1.7 X 10-?, and maximal 


2? We are indebted to Mr. Frank Ablondi of the Lederle Laboratories Division, 
American Cyanamid Company, for this analysis. 








velocit) 
trations 
were ck 
esters ¢ 


ae COTECR CPlIT IN 30 MINUTES 


Fig. 
prepar: 
7 of ni’ 
The su 
mer an 
man g 
nitrog 
used a 
LEe a 
TAMe 
fer wit 
kinase 
activit 


subst 
soure 

In 
again 

TA 
buffe 
or W: 


+0 
Cyan 








and 
the 


the 


erg- 
ony! 
sul- 
t of 
pre- 
sual 
liza- 
\ Me 


‘ical 
gen 


the 
ups 
rase 
10re 


ie 
1 at 


The 

K, 
015 
sub- 
rent 
mal 


sion, 








W. TROLL, S. SHERRY, AND J. WACHMAN 87 





velocity was reached at 0.03 m and maintained at higher substrate concen- 
trations (Fig. 1, b). For enzyme assay 0.02 m TAMe and 0.04 m LEe 
were chosen as substrate concentrations. The rate of attack against these 
esters appeared to obey zero order kinetics until about 60 per cent of the 
14 
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56789100123 4567 102030405060 
pH x 10-2 M Substrate Time in Minutes 
Fig. 1. Enzyme characteristics. (a) pH optimum curves with a plasminogen - 
preparation obtained by isoelectric precipitation of Fraction III (6) containing 62.4 
7 of nitrogen per ml. of digestion mixture activated with 1000 units of streptokinase. 
The substrates, TAMe and LEe, were 0.02 m; 0.25 m Tris buffers were used for the for- 
mer and 0.1 m imidazole buffers for the latter. (b) Substrate titration curves; a hu- 
man globulin preparation prepared according to Milstone (8) containing 126 y of 
nitrogen per ml. of digestion mixture activated by 1000 units of streptokinase was 
used as the enzyme source. TAMe was incubated at pH 9, 0.25 m Tris buffer, and 
LEe at pH 6.5, 0.1m imidazole buffer. (c) Kinetics of ester digestion of 0.02 m 
TAMe at pH 9, 0.25 m Tris buffer, and 0.04 m LEe at pH 6.5, 0.1 m imidazole buf- 
fer with 0.1 ml. of plasma (889 y of nitrogen) activated with 1000 units of strepto- 
kinase as the source of enzyme. All experiments were carried out at 37°. Esterase 
activity was determined by the method described in text. 


T 


substrate was split. This was true even when plasma was used as the 
source of enzyme (Fig. 1, c). 

In assaying various plasmin preparations for their esterase activity 
against TAMe and LEe, the following techniques were employed. 

TAMe Assay for Plasminogen—1 ml. of 0.1 m TAMe, 2.5 ml. of Tris 
buffer, 0.5 m, pH 9.0, and 0.5 ml. of streptokinase* (10,000 units per ml.) 
or water are incubated together at 37° for 5 minutes. Two tubes are set 


* Obtained through the courtesy of the Lederle Laboratories Division, American 
Cyanamid Company. 
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up, one containing streptokinase and the other water. 1.0 ml. of the 
plasminogen solution is then added to each, and the reagents are thoroughly 
mixed. A 1 ml. sample of each is immediately withdrawn and added toa 
flask containing 1 ml. of formaldehyde (37 per cent formaldehyde kept at 
pH 8 by addition of sodium hydroxide). After 15, 30, and 45 minutes of 
incubation, additional 1 ml. samples of each are withdrawn and added to 1 
ml. of formaldehyde. All samples are titrated with 0.05 N sodium hy. 
droxide with 0.2 ml. 0.01 per cent phenol red as an indicator. The alkali 
consumed by the samples containing water was subtracted from the alkali 
consumed by the samples containing streptokinase. The results were ex- 
pressed as the mean increase in micromoles of acid liberated per 30 min- 
utes. 

LEe Assay for Plasminogen—The alcohol titration of Grassmann and 
Heyde (15) was used for this assay. 0.1 m imidazole, pH 6.5, was employed 
as the buffer, and 0.2 m LEe was used as substrate. Otherwise the proce- 
dure is identical with the one described for TAMe, except that the 1 ml. 
samples are added to 10 ml. of 0.01 N potassium hydroxide in 99 per cent 
alcohol. Titration was then carried out with 0.05 N potassium hydroxide 
in 90 per cent alcohol with 0.2 ml. of 5 per cent thymolphthalein in aleo- 
hol as indicator. The results were calculated and expressed as described in 
the TAMe assay. 


Results 


Three lines of evidence indicate that esters of arginine and lysine are 
specific substrates for plasmin. These include studies on activation, purifi- 
cation, and inhibition. 

Activation by Streptokinase—Although streptokinase had no apparent 
esterase activity, its addition to a solution of plasma Fraction IIT markedly 
‘increased the hydrolysis of arginine and lysine esters. No increase was 
noted in the splitting of a number of other amino acid esters (Table I). 
A slight but significant splitting of benzoylargininamide was also observed. 
Because of the low order of activity against this substrate, it was difficult 
to make precise quantitative measurements of this effect. However, it 
was noted with all the streptokinase-activated plasminogen preparations, 
and appeared to require 20 to 40 times the quantity of enzyme to produce 
an initial rate of splitting similar to that observed with the corresponding 
ester. This amide-ester-splitting ratio is similar to that observed with 
trypsin (7). 

The enzyme responsible for the splitting of acetyltyrosine ethyl ester and 
acetyltryptophan ethyl ester was not streptokinase-activated, and has not 
been further identified. It was observed that this enzyme is apparently 
released in the clotting reaction, since it occurred in low concentration in 
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plasma and was considerably increased in serum. Plasminogen prepara- 
tions purified by the Kline procedure were observed to be free of this en- 
zyme. , 
Purification of Plasminogen—Purification of plasminogen measured by 
the fibrinolytic (16) and casein assays (6) resulted in a corresponding in- 
crease in esterase assay. In Table II is shown a comparison, by these 


TaBLeE I 
Esterase Action of Plasma Fraction III Preparation 














Esterase action, um per 30 min., 37°, per 
mg. enzyme 
Substrate, 0.02 u imeem dis pH optimum 
Spontaneous rus an 
activation 

t-Arginine ethyl ester 10 26 16 7 
Benzoyl-L-arginine ethyl ester 10 143 133 9 
p-Toluenesulfonyl-L-arginine 

Methy] ester 20 160 140 9 

Ethyl ester 20 160 140 9 

Butyl ester (0.01 m) 10 80 70 9 
L-Lysine ethyl ester (0.04 m) 10 92 82 6.5 
Ethyl esters of 

Glycine 0 0 0 0 

pu-Valine 0 0 0 0 

L-Leucine 0 0 0 0 

t-Isoleucine 0 0 0 0 

pL-Methionine 0 0 0 | 0 

L-Tyrosine 0 0 . i.@ 

pL-Tryptophan 0 0 0 | 
Acetyl-L-tyrosine ethyl ester (5% 

methyl! Cellosolve) 20 20 0 | 9 
Acetyl-pu-tryptophan ethyl ester (5% 

methyl Cellosolve) 20 20 0 | 9 
Acetyl-pt-methionine ethyl ester 2 2 0 9 














assays, of several streptokinase-activated plasminogen preparations at var- 
ious levels of purification. 

Chloroform-activated bovine fibrinolysin (plasmin) also attacked these 
synthetic substrates. An unexpected finding was that the ratio of attack 
against the two esters varied from preparation to preparation. Even the 
ratio of attack in plasma was observed to differ from that in serum. A 
possible explanation for these observations is the presence of more than 
one plasminogen. This latter view appears to be supported by the differ- 
ential heat stability of the precursors of TAMe and LEe esterase activity 








90 PLASMIN SUBSTRATES 


(Fig. 2). It was observed that the precursor of LEe esterase activity 
rapidly fell to a much lower but constant level when serum was heated at 
50°, while the precursor of TAMe esterase activity remained constant 


TaB.e II 
Comparison of Casein, Fibrinolytic, and Esterase Assays on Plasminogen Preparations 


























| | Esterase — o—_ ¥* per 30 
Enzyme source eed, of | units per, | cory _- ; 
paridcation® | mg. N(6)* jg. N Coy TAMe activity 
TAMe LEe “Like activity 
Serum 0.04 400 4.02) 7.20 0.56 
Plasma 0.06 500 7.54, 7.08 1.06 
= Globulin ppt. 3.60 5,000 44.8] 41.8 1.07 
(8) 
ae Globulin (8) 26.2 | 100,000 311 191 1.63 
purified by 
Kline method 
(10) 
Fraction IIIf | Reprecipitated 4.2 10,000 71.2 | 54.9 1.31 
isoelectri- 
cally (6) 
ve " Acid extract 4.5 15,000 92.0} 40.0 2.30 
(9) 
“ - Treated by 63.4 | 176,000 748 551 1.35 
Kline method 
(10) 
” III sf 4.3 12,000 91.5 | 62.2 1.47 
Bovine fibrino- 1.04 19 24.5 10.2 2.39 
lysin§ 
Trypsin, crys- | | 2015 14,900 |107,000 {5000 21.4 
. talline|| 














* The figures in parentheses refer to bibliographic reference numbers. 

t Obtained through Dr. T. D. Gerlough of E. R. Squibb and Sons, through the 
courtesy of the American Red Cross. 

t Fraction III; obtained through the courtesy of Dr. D. M. Surgenor of Harvard 
University. 

§ Fibrinolysin obtained through the courtesy of Dr. E. C. Loomis of Parke, 
Davis and Company. 

|| Purchased from the Worthington Biochemical Corporation. 


throughout the experiment. This would be expected if the precursor of an 
enzyme attacking LEe alone occurred together with the precursor of an 
enzyme capable of attacking both TAMe and LEe. Further purification 
of plasminogen is required to clarify this situation. 

The esterase activity of plasmin was not identical with that of the known 
cholinesterase and other esterases of blood, since streptokinase did not in- 
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crease their activity upon addition to plasma or plasma fractions. Fur- 
thermore, maximal concentration of these other blood esterases appears in 
human plasma Fraction IV¢, a fraction in which plasminogen was found to 
be absent. 

Synthetic Substrates As Competitive Inhibitors—Perhaps the strongest 
evidence that these synthetic amino acid esters are substrates for plasmin 
has been derived from inhibition studies. It was readily demonstrated 
that the synthetic substrates competed with known protein substrates for 





Esterase Action in yM/30 Minutes 








10 20 30 40 50 60 
Time of Heating to 50°C in min. 

Fic. 2. Heat stability of plasminogen. The serum was brought to pH 7 by the 
addition of hydrochloric acid and incubated at 50°. Samples of 0.2 ml. were with- 
drawn at various times and assayed for TAMe and LEe activity, expressed in micro- 
moles of ester split per 30 minutes at 37°, by the methods described in the text. 


this enzyme. When several concentrations of TAMe or LEe were added 
to a casein assay, increasing inhibition was found with increasing ester 
concentration (Fig. 3, a). None of the other esters shown in Table I had 
any effect on the proteolysis. The effect of casein concentration on this 
inhibition with TAMe and LEe appeared to follow the criteria for competi- 
tive inhibition when plotted according to Lineweaver and Burk (17) (Fig. 
3, b). Although the inhibition of fibrinolytic activity could not be deter- 
mined with TAMe, since it is a thrombin substrate and clotting inhibitor 
(18), striking inhibition of this activity by LEe was observed. The com- 


‘We are indebted to Dr. Victor P. Whitaker of the Department of Physiology, 
University of Cincinnati, for these observations. Fraction IV, was obtained, 
through the courtesy of Dr. D. M. Surgenor, from Harvard University. 
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petitive inhibition of these ester substrates with protein substrates of plas. 
min indicates that the same enzyme centers are responsible for both actions, 
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Fig. 3. (a) Plot of the negative logarithm of the inhibitor (TAMe and LEe) con- 
centration against the per cent inhibition of proteolysis of a 2 per cent casein solution 
determined by the method of Remmert and Cohen (6). A plasminogen preparation 
obtained by isoelectric precipitation of Fraction III (6) containing 187 y of nitrogen 
per ml. of digestion mixture activated by 1000 units of streptokinase was used as 
the source of enzyme. (b) Plot of the reciprocal of the casein concentration in gm. 
per 100 ml. against the reciprocal of initial velocity of casein proteolysis, measured 
as micrograms of tyrosine released per hour in the presence of the inhibitors TAMe 
and LEe, according to Lineweaver and Burk (17). A human globulin preparation 
(8) containing 203 y of nitrogen per ml. of digestion mixture activated by 1000 units 
of streptokinase was used as the enzyme. 


DISCUSSION 


The observation of the esterase action of plasmin on certain synthetic 
amino acid esters should not be construed as an unusual activity of plas- 
min. Trypsin attacks the same esters as plasmin and is known to act 
upon this type of substrate much more readily than it does the amide or 
peptide link (7). Benzoyl-t-argininamide was found to be attacked by 
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plasmin, but was a much poorer substrate than benzoyl-L-arginine ethyl 
ester. It would appear, with our present preparations of plasmin, that the 
action of this enzyme on synthetic substrates can only be clearly demon- 
strated with esters. Preparations of much greater plasmin activity might 
be expected to split the corresponding amides and peptides as well. 

The question of the identity of plasmin and trypsin has been frequently 
raised. Two observations support the view that plasmin and trypsin are 
distinct enzymes: (a) the ratio of attack of TAMe to LEe is 7-fold greater 
with trypsin than that observed for any of our plasmin preparations (Table 
II), and (b) the pH optimum for LEe splitting is 1 pH unit higher for tryp- 
sin than for plasmin. 


SUMMARY 


1. Plasmin attacks those synthetic amino acid esters which have arginine 
or lysine as the amino acid residue. 

2. The evidence indicates that the same enzyme centers are involved in 
the proteolytic, fibrinolytic, and esterase activity of plasmin. 


We gratefully acknowledge the technical assistance of Mrs. Doris Wheeler 
in these studies. 
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The repeated observation of the presence of proteolytic activity in puri- 
fied thrombin preparations (1, 2) prompted us to investigate a number of 
synthetic substrates for proteolytic enzymes. We have confined our 
studies, for the most part, to amino acid esters, since they have recently 
been shown to be very sensitive substrates for proteolytic enzymes (3). 
To our knowledge, no previous studies have been described in which throm- 
bin has been shown to be active on synthetic substrates (4). 

In studies reported in an accompanying article (5), it was demonstrated 
that plasmin, the proteolytic enzyme of mammalian plasma, attacked esters 
of arginine and lysine. It is shown here that thrombin preparations at- 
tacked arginine esters but had no activity on lysine esters. The arginine 
ester attack of the thrombin preparations could not be due to a plasmin 
impurity, for, when plasmin and thrombin preparations of equal arginine 
ester-splitting activity were compared, only the plasmin preparations were 
actively fibrinolytic, proteolytic for casein, and inhibited by crystalline soy 
bean inhibitor. 

Four lines of evidence have indicated that the ester-splitting action of 
thrombin preparations was quantitatively related to the clotting activity: 
(a) purification of thrombin resulted in a purification of arginine ester- 
splitting activity; (b) activation of prothrombin was associated with the 
appearance of a markedly increased enzymatic attack on the synthetic 
substrate; (c) adsorbents which removed the clotting activity of thrombin 
removed equivalent amounts of arginine ester-splitting activity; and (d) in 
the presence of fibrinogen, the synthetic arginine ester acted as a compet- 
itor for thrombin. 

It is the purpose of this report to describe the action of thrombin on syn- 
thetic substrates and to relate this activity to the function of thrombin as 
a clotting enzyme. 


* This study was supported by a grant from the Lederle Laboratories Division, 
American Cyanamid Company. Presented in part at the Forty-fifth annual meeting 
of the American Society for Clinical Investigation, Atlantic City, May, 1953. 
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Methods 
Enzyme Preparations 


Thrombin—Several preparations of bovine, rabbit, and human thrombin 
were studied. These included a number of bovine preparations in various 
stages of purification’ and several commercial preparations (bovine throm- 
bin (Parke, Davis), bovine thrombin (Upjohn), rabbit thrombin (Lederle), 
and human thrombin (Cutter)). The clotting activity and purity of 
these preparations are referred to in the individual protocols. 

Prothrombin—A highly purified prothrombin preparation (No. 530122) 
was obtained for activation studies from Dr. Walter Seegers. It contained 
16.3 per cent nitrogen by analysis. On activation with thromboplastin and 
calcium, it yielded 6250 clotting units per mg. of N of the original prepara- 
tion. 

Plasmin—These were prepared in our laboratories by the methods of 
Christensen and Smith (6), Remmert and Cohen (7), and Kline (8). Indi- 
vidual data relating to each will be referred to in the protocols. 


Substrates 


Amino Acid Esters and Amides—These were prepared according to con- 
ventional methods (3). p-Toluenesulfonylarginine methyl ester (hence- 
forth referred to as TAMe) was prepared by the method of Bergmann et al. 
(9) and is described in detail in the accompanying article (5). 

Fibrinogen—A commercial preparation of bovine origin containing 40 to 
50 per cent sodium citrate (Armour) was employed. 

Casein—A commercial preparation of Hammersten casein (Nutritional 
Biochemicals) was used. 


Assays 


Clotting activity was assayed by the National Institutes of Health method 
(10) and is expressed in terms of that unit. The thrombin activity in the 
protocols refers to clotting units unless otherwise noted. 

Proteolytic activity (casein) and fibrinolytic activity were assayed by pub- 
lished methods (7, 11). 

Amino Acid Esterase Activity—This action was followed (a) by the dis- 
appearance of ester as determined by a modified colorimetric Hestrin ester 
method (12), and (b) by simple titration of the carboxyl group liberated by 
the split at the ester link. The method used was that described by Iselin 
and Niemann for the study of amidase activity (13). The titration method 
was preferred for quantitative studies, since the assay could always be con- 
ducted at optimal substrate concentration. 

Because of the usefulness of TAMe for the chemical assay of thrombin, 


1 We are indebted to Dr. Walter Seegers for these preparations. 
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some of the characteristics of this reaction and the technique employed are 
described below. The reaction involved is shown in Fig. 1. 

Tosylarginine (toluenesulfonylarginine) has been identified as an end- 
product of the reaction by paper chromatography with butanol saturated 
with 0.1 Nn NH; as the solvent system. The butyl ester of Rr 0.80 was 
employed as the substrate and yielded an ultraviolet-absorbing spot with 
an Ry of 0.52, similar to that of tosylarginine. 


Preliminary Observations 


The pH optimum with tris(hydroxymethyl)aminomethane (Tris) buffer 
(13) was observed at approximately pH 9.0 (Fig. 2, a). The pH optimum 


NH, NH, 
| 
C=NH - 
v" 7 
CH ce 
cH, + H,0 rome CHZOH + He 
CH, CH, 
li | 4 
H-C-N-SO CH H-G-N-so, @_ScH 
[7 2 ¢S 3 | 2 3 
co/bcH, COOH 
/ 
/ 
TOSYLARGININE METHYL ESTER TOSYLARGININE 
(TAMe) 


Fig. 1. Enzymatic hydrolysis of TAMe by thrombin 


of the hydrolysis of TAMe by thrombin was found to depend on the buffer 
employed. In borate buffer the optimum shifted to pH 8.0, and with 
phosphate to pH 7.6. The kinetics of the reaction appear to be of zero 
order up to 70 per cent substrate digestion (Fig. 2, b). 

On studying the effect of substrate concentration on the velocity of the 
reaction, it was observed that maximal velocity was achieved at a substrate 
concentration of 0.04 m. K, was found to be 4.3 X 10-* m (Fig. 3). The 
velocity of the reaction was increased by 25 per cent on raising the tem- 
perature from 25-35° and leveled off between 35° and 40°. 


Technique 


0.2 ml. of 0.2 m TAMe, 0.2 ml. of a thrombin preparation containing 1 
to 10 units, and 0.6 ml. of 0.5 m Tris buffer, pH 9.0, are mixed and incubated 
at 37° for 30 minutes. 1.0 ml. of 37 per cent formaldehyde (brought to 
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approximately pH 8.0 with sodium hydroxide) is then added. For a blank, 
the TAMe, thrombin, and buffer are added directly to formaldehyde at 
zero time. To the blank and test solutions, 0.2 ml. of 0.01 per cent phenol 


Te 


9 @) r24 (bh) | 
2 120 ° | 
& 73 8 ri6 
P a , b12 
= 54 8 
a 4 4 











“70 75 80 85 90 95 0 10 20 30 4050 6070 80 
pH TIME (Minutes) 

Fig. 2. (a) Effect of pH on the hydrolysis of TAMe by thrombin in Tris buffer, 
0.5 ml. of 0.5 m buffer at various pH values + 0.1 ml. of 0.1 m TAMe in water +04 | 
ml. of thrombin (5 units) in water. 20 minutes incubation at 37°. (b) Rate of hy- | 
drolysis of TAMe by thrombin as a function of time. 5 units of thrombin in test; 
35°; 0.03 m substrate concentration. 
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Fia. 3. Rate of hydrolysis of TAMe by thrombin (5 units) as a function of the 
substrate concentration. Michaelis constant (K») and maximal velocity (Vm) es- 
timated according to Lineweaver and Burk (15). 


red is added, and the solutions are titrated with 0.05 N standard sodium 
hydroxide.? 

A unit of enzymatic activity (TAMe unit) is defined as that amount of 
thrombin which will release 1 um of acid from TAMe in 10 minutes under 


2 A syringe type micro burette was employed in these studies. 








the 

app! 
cloti 
sum 
cont 
obte 
liber 


comy 
dazo! 
minu 
hydr 


p-To 
Benz 
Argir 
Benz 
Lysin 
Dietk 
Aspai 


Acet; 
Norle 
Valin 
Acety 
Acety 





In 
on a 
droly 
argini 
stitue 
ginine 


best « 





i 


ar, 
).4 
y- 
st; 


the 
) es- 


it of 
nder 





a Se 











S. SHERRY AND W. TROLL 99 


the conditions of the test. This unit has been selected so that it would be 
approximately comparable in size to the National Institutes of Health 
clotting unit. To calculate the arbitrarily defined units, the alkali con- 
sumed by the blank is subtracted from the quantity consumed by the tube 
containing thrombin and converted to micromoles of acid liberated. To 
obtain the number of TAMe units in the assay, the micromoles of acid 
liberated are divided by 3 (to convert to 10 minutes). 


TABLE I 
Action of Thrombin Preparation on Synthetic Substrates 
The thrombin preparation (Upjohn) contained 80 units per mg. of N. Arginine 
compounds were studied at pH 9.0 (Tris buffer), lysine ethyl ester at pH 6.5 (imi- 
dazole buffer), the others at pH 8.0 (borate buffer). The hydrolysis period was 30 
minutes. Control experiments in the absence of the enzyme showed no measurable 
hydrolysis of the substrates. 





Thrombin 











Substrates Hydrolysis units in test 
per cent 

p-Toluenesulfonylarginine methyl ester (TAMe) (0.04 m)... 40 5 
Benzoylarginine ethyl ester (0.04 M)....................... 20 5 
Aeeeine methyl ester (0.04 mM)... 2.0... ec ccc sees sccesaies 57 250 
Benzoylargininamide* (0.04 M)................. ccc eee eee ee 10 250 
Ne 5 a ee 0 100 
Spmeynnnpertic acid (0.08 Mi). 2... cece cee ces ese 0 100 
ND 15.159 8 0c Xe aren nbs Diy S ae smadededa Amucebs 0 100 

- Ce SE ee 0 100 
Acetylnorvaline methyl ester (0.02 m)...................... 0 100 
Norleucine methyl ester (0.02 m)f.....................0005- 0 100 
en anaes Ober CO.08 MT... .. 5 ied a cic ccsawesvecs 0 100 
Acetylleucine ethyl ester (0.02 M)........................ : 0 | 100 
Acetyltyrosine ethyl estert (0.02 m)....................0... 0 | 100 





* 2 hours incubation; at 17 hours 60 per cent hydrolysis was present. 
+ These were DL compounds; all the others were L compounds. 
t In 5 per cent methyl Cellosolve. 


Results 
Action of Thrombin Preparations on Synthetic Substrates 


In Table I are shown the results of the action of a thrombin preparation 
on a number of synthetic substrates. For the substrates tested, the hy- 
drolytic action of the thrombin preparation appears to be confined to the 
arginine compounds. Of the latter compounds, arginine esters with a sub- 
stituent on the a-amino group were the best substrates. While the ar- 
ginine ester with a free amino group and the amide corresponding to our 
best ester substrates were acted upon, the activity noted was of a much 
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lower order. All of the thrombin preparations tested, whether of bovine, 
human, or rabbit origin, yielded similar results) TAMe was the most 
sensitive substrate for these preparations, and, as a consequence, our sub- 
sequent esterase studies on thrombin have been confined to this substance. 

Since our studies with plasmin revealed that this enzyme readily attacked 
arginine esters (5), it was important to rule out a plasmin contaminant of 
the thrombin preparations. 


Evidence That Esterase Activity of Thrombin Preparation 
Was Not Due to Plasmin 


Our plasmin preparations were strongly proteolytic for casein, fibrino- 
lytic, capable of attacking lysine esters, and had no clotting activity. On 
the other hand, the thrombin preparations possessed striking clotting ac- 
tivity, but were not fibrinolytic, demonstrated no activity against lysine 
esters, and had very little proteolytic activity on casein. An experiment 
which bears out these differences is summarized in Table II. For this 
experiment, highly purified preparations of thrombin and plasmin at the 
same level of TAMe esterase activity were compared. 

Additional evidence for the dissimilarity of these two TAMe esterases 
was obtained in inhibition studies with crystalline soy bean inhibitor 
(Worthington). 100 y of this inhibitor were capable of inhibiting 41 per 
cent of the esterase activity of a plasmin preparation (0.4 um hydrolyzed 
per minute) after 1 hour’s incubation at 37°. From 1 to 100 y of the 
soy bean inhibitor showed no inhibitory activity on a purified thrombin 
preparation of similar esterase activity. 


Evidence That Arginine Esterase Activity Is Quantitatively Related to Clotting 
Activity of Thrombin 


Purification Data—In Table III is shown a comparison of the clotting 
activity and the TAMe-splitting activity per mg. of nitrogen of three 
preparations of bovine thrombin at different levels of purity. A 50-fold 
purification of thrombin by clotting activity resulted in a similar purifica- 
tion of the TAMe esterase activity. 

Activation Data—In Fig. 4 is presented a comparison of the TAMe 
esterase activity and clotting activity appearing in a purified prothrombin 
preparation activated by 30 per cent sodium citrate at room temperature 
according to the method of Seegers and Ware (14). A similarity of the 
activation curves measured by both methods was observed and is shown 
in Fig. 4. 

Activation of human plasma by thromboplastin and calcium was also 
associated with a marked increase in TAMe splitting. A fresh human 
plasma sample which hydrolyzed 0.5 um of TAMe spontaneously in 30 
minutes at 37° digested 8.5 um of the substrate after activation with throm- 
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boplastin and calcium.* When the plasma was previously heated at 56° 
for 1 hour to destroy prothrombin, it showed no increased hydrolysis of the 
substrate after activation with thromboplastin and calcium. 
Adsorbents—10 ml. suspensions of 0.2 m Ca3(PO,)2, 0.2 m Al(OH)3, 0.2 m 
Mg(OH)2, and 0.15 m BaSO, were centrifuged, and the precipitate was 
shaken with 5 ml. aliquots of a thrombin solution, 10 units per ml. After 
5 minutes the suspensions were centrifuged, the supernatant fluid was de- 
canted and tested for TAMe esterase and clotting activity. All of the 


TaBLeE II 
Comparison of Activities of Thrombin and Plasmin Preparations of Equal TAMe 
Esterase Activity 


0.2 ml. of the thrombin or plasmin preparation digested 1.0 um of TAMe per 
minute, pH 9.0, 37°. 








| Lysine ethyl a 

} Clotting units| Casein units ester, uM ibrinolytic 

Enzyme Mg. N per ml. per mal. — a hydrolysed ome. “units 
min.) 

0 eee 0.025 74 0.003 0 0 

ee 0.223 0 15.72 126 100 




















* Prepared by Kline procedure (8) and spontaneously activated by several re- 
precipitations. 














Tasre III 
Comparison of Clotting and TAMe-Splitting Activity of Several Bovine Thrombin 
Preparations 
Source | Clotting units per mg. N TAMe-splitting units per mg. N 
Mas cs blige sews sae oes 78 76 
ee 769 695 
NI ood is notre cvuoee aces 3810 3458 





clotting and esterase activity had been removed in the specimens treated 
with Ca;(PO,)2, Al(OH);, and Mg(OH)s2. With the BaSO,-treated sample, 
% per cent of the clotting activity and 87 per cent of the esterase activity 
were removed. 

Arginine Ester and Fibrinogen As Competitive Substrates for Thrombin— 
One would expect that TAMe might effectively compete with fibrinogen 
for thrombin and delay the clotting activity of thrombin. The results of 
such an experiment are shown in Fig. 5. 

1 um of TAMe in the test system (containing 2 units of thrombin) demon- 


* The incubation mixture consisted of 0.4 ml. of plasma, 0.4 ml. of thromboplastin 
extract (Difco), 0.1 ml. of 0.08 m CaCle, and 0.1 ml. of 0.1 m TAMe. 
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strated a significant retardation in clotting, and this delay in clotting in. 
creased progressively as the concentration of the arginine ester was in- 
creased. That this inhibition is a function of TAMe concentration rather 
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Fie. 4. Activation of purified prothrombin by 30 per cent sodium citrate at 25°. 
14.4 mg. of prothrombin (16.3 per cent N) dissolved in 3 ml. of citrate solution. At 


intervals aliquots were removed for assay of clotting and TAMe esterase activity. 
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Fig. 5. Inhibition of clotting as‘a function of TAMe concentration. 0.8 ml. of 
0.25 per cent fibrinogen + 0.1 ml. of TAMe (in various concentrations) + 0.1 ml. of 
thrombin (Upjohn) containing 2 units. All preparations in 0.1 m borate buffer, pH 
8.0. The concentration of TAMe shown is the final concentration in the test sys- 
tem. The delay in clotting time represents the difference between test and control 
(no TAMe) at 37°. Control clotting time, 20 seconds. 


than of its hydrolytic products is illustrated by the relation of clotting 
inhibition by TAMe as a function of time (Fig. 6). 

In this experiment the clotting time of specimens containing 1 unit of 
thrombin was measured after varying periods of incubation with a small 
amount of TAMe (4.5 X 10-* m) and compared with control specimens 
containing no TAMe. It will be noted that the clotting of fibrinogen by 
thrombin was very significantly delayed by this concentration of TAMe. 
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But as the hydrolysis of TAMe progressed during incubation, increased 
quantities of thrombin were released for clotting activity. As a result, the 
clot-delaying activity progressively disappeared and the clotting time ap- 
proached the control value. 

Tosylarginine was found to be a negligible inhibitor of clotting. Ar- 
ginine in a concentration of 0.01 m was also found to have no inhibitory 
effect on coagulation. Of twenty-two amino acids tested, only aspartic 
acid, at a concentration of 0.01 M, significantly inhibited the coagulating 
effect of 1 unit of thrombin. However, we have not yet been successful 
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Fie. 6. Inhibition of clotting by TAMe as a function of incubation time. 0.1 
ml. of thrombin containing 10 units incubated at 37° with 0.9 ml. of 0.005 m TAMe. 
At stated intervals, 0.1 ml. aliquots added to 0.9 ml. of 0.25 per cent fibrinogen and 
clotting time measured. All preparations in 0.1 m borate buffer, pH 8.0. The final 


concentration of thrombin assayed was 1 unit. TAMe concentration in final mix- 
ture, 4.5 X 10-4 m. 


in synthesizing the appropriate aspartic acid ester to test whether it will 
act as a thrombin substrate. The nature of the inhibition of clotting by 
aspartic acid cannot be evaluated at this time. 

That TAMe and fibrinogen are truly competitive substrates is borne out 
by the additional observation that fibrinogen also exerted a significant 
inhibiting effect on the esterase activity of thrombin preparations. When 
the data were examined by the Lineweaver and Burk plot (15), the criteria 
for a competitive inhibition were fulfilled. 


DISCUSSION 


A number of observations in recent years have radically altered our con- 
cepts of the part played by thrombin in the conversion of fibrinogen to 
fibrin. The rapid clotting of fibrinogen by thrombin had in the past led to 
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the view that the action of this enzyme was that of a very specific poly. 
merase, aggregating fibrinogen molecules together to form long fibers of 
fibrin. In 1945, Laki and Mommaerts (16) observed that thrombin exerted 
an enzymatic action on fibrinogen at pH 5, which did not involve a change 
in viscosity or formation of a gel, and suggested that the transition of 
fibrinogen to fibrin was a two-step reaction. 

By end-group analyses of fibrinogen and fibrin it has been demonstrated 
that fibrin contains four to five glycine end-groups per molecule of fibrino- 
gen, whereas fibrinogen contains no glycine end-groups (17). This sug. 
gested that proteolysis had occurred in the transition of fibrinogen to 
fibrin. Lorand and Middlebrook in subsequent investigations have iso- 
lated and analyzed a peptide fragment which is split from fibrinogen in the 
presence of thrombin (18). This was confirmed by Bettelheim and Bailey 
(19). It is to be noted that the peptides which have been isolated in these 
studies contain arginine. By its very nature this thrombin-catalyzed re- 
action appears, in a broad sense, to be a proteolytic one. Many proteolytic 
enzymes have long been known to be capable of clotting purified fibrinogen 
(20, 21). 

According to the present hypothesis, the action of thrombin is limited to 
altering fibrinogen in a proteolytic fashion, and hence one of its products 
can now spontaneously polymerize into the three-dimensional network of 
long branching particles that make up the fibrin gel. This reaction ina 
simplified fashion is as follows: 


fibrino-peptide 





P + spontaneous 
— thrombin : : : 
Fibrinogen reat I (intermediate) ee 
polymerization 


Our observations with arginine esters would appear to confirm the hy- 
drolytic action of thrombin. While these substrates were originally studied 
because of their high degree of sensitivity to proteolytic enzymes, it cannot 
be categorically stated that the action of thrombin, in a strict sense, is 
entirely proteolytic. Although it was demonstrated that thrombin also 
attacked an argininamide, the ratio of attack of thrombin on benzoyl- 
arginine ethyl ester was approximately 400 times greater than the attack 
on benzoylargininamide. The possibility of ester or ester type links in the 
fibrinogen molecule cannot be excluded at this time (9). 

While a number of enzymes have been shown to be capable of attacking 
arginine substrates (trypsin, plasmin, papain, ficin, tissue cathepsins, etc.) 
(9, 5), they are also capable of attacking either lysine, glycine, or tyrosine 
substrates. Thrombin appears to be unique in having its action limited to 
arginine substrates. Whether the specificity of thrombin as a clotting 
agent depends entirely on this action still remains to be investigated. 
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y SUMMARY 
of 1. Thrombin hydrolyzes those synthetic substrates for proteolytic en- 
ad zymes which contain arginine as the specific amino acid residue. 
ye 2. The measurement of activity of thrombin by synthetic substrates com- 
of pares quantitatively to measurements of its activity in the clotting of 
fibrinogen. 
ed 3. The hydrolytic action of thrombin is consistent with the view that the 
0- conversion of fibrinogen to fibrin involves a proteolytic step. 
g- 
to We gratefully acknowledge the assistance of Mr. John Wachman and 
0- Mrs. Doris Wheeler in these studies. We are indebted to Dr. Helen Glueck 
he for many of the assays of clotting activity. 
ey 
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THE ISOLATION AND SOME PROPERTIES OF AN 
ANTIBIOTIC FROM FUSARIUM BOSTRYCOIDES* 


By F. A. CAJORI, THEODORE T. OTANI,f anp 
MARY ALICE HAMILTON 


(From the Department of Biochemistry, University of Colorado School of Medicine, and 
the Colorado Foundation for Research in Tuberculosis, Denver, Colorado) 


(Received for publication, July 16, 1953) 


During the course of a survey of the antitubercular activity of various 
species of Fusarium it was noted that culture filtrates of Fusarium bos- 
trycoides strongly inhibited growth of the tubercle bacillus, strain H-37, in 
vitro. The antibiotic activity was associated with the amount of pigment 
produced by this mold (1). The cultural characteristics of the mold, the 
methods of assay, antibiotic activity of the pigment against the tubercle 
bacillus and other organisms, and the toxicity of this pigment in animals 
have been reported elsewhere (2). It is the purpose of the present paper 
to give details concerning the isolation of this growth-inhibiting pigment, 
which we designate as bostrycoidin, and findings with respect to its chemi- 
cal characteristics and properties. 


EXPERIMENTAL 


F. bostrycoides grows easily at room temperature on many varieties of 
solid and liquid medium. Sabouraud’s medium, modified so as to contain 
3 per cent glycerol' was usually employed when large quantities of material 
were desired .? 

At the end of 3 weeks growth, when pigment production had reached 
a maximum, the mycelium and liquid medium were separated and stored 
in the refrigerator until used. 

The isolation of bostrycoidin in pure condition necessitated the elimina- 


* This research was aided by a grant from the Committee on Medical Research 
and Therapy, American Trudeau Society, Medical Section of the National Tuber- 
culosis Association. 

t Part of the work reported here was taken from a thesis submitted by Theodore 
T. Otani to the Graduate Faculty, University of Colorado, in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy, June, 1953. 

‘Modified Sabouraud’s medium, peptone 15 gm., glycerol 30 ml., glucose 10 gm., 
up to 1 liter, pH 6.0. 

? The growth of the molds and the assays for antibiotic activity of crude and puri- 
fied products were carried out under the direction of Dr. Hamilton. The isolation 
and chemical investigations were performed in the Department of Biochemistry of 
the School of Medicine. 
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tion of lipide material which was present in considerable quantities in the 
Fusarium mold and which accompanied the pigment when organic solvents 
were used for extraction. The finding that the pigment was soluble ip 
strong acids provided a convenient method for accomplishing the separa. 
tion of the pigment from fatty substances. Our earlier method (1) of 
adsorption on an alumina column and elution with H;PQ, was time-con- 
suming and less satisfactory than the extraction procedure with HCl or 
H.SQ, as described below. 

Isolation of Bostrycoidin from Mycelium—After removing as much liquid 
as possible in a fruit press, the mycelium is then passed through a meat 
grinder and air-dried at room temperature. The brittle, dry mycelium is 
ground to fine particles and extracted in Soxhlet apparatus with 95 per cent 
ethanol until little extractable color remains. The alcohol is removed by 
distillation under reduced pressure, and the tarry brown residue is re- 
peatedly extracted at room temperature with either 20 per cent HCl or 20 
per cent H2SQ, until little extractable color remains. The combined acid 
extracts are washed in separatory funnels with CCl, to remove colored con- 
taminants. This wash is discarded. Cold 20 per cent NaOH is added, 
and the bostrycoidin is then extracted from the neutral or slightly acid 
solution with CCl, After the orange-red CCl, extracts, containing the 
active pigment, are washed several times with distilled water, the CC 
layer is separated and the solvent removed by distillation under reduced 
pressure. The residue is cooled in the refrigerator and then rinsed with 
cold acetone to remove any residual oily material. The material remaining 
after the acetone rinse is dissolved in hot acetone, filtered into an evapo- 
rating dish, and allowed to crystallize in the refrigerator. The mother 
liquor is removed as completely as possible by decantation, and the crystals 
obtained by this procedure are dried in a desiccator. Yields of 200 mg. 
of the crystalline compound, which is not hydroscopic, have been obtained 
from 100 gm. of dry mycelium. 

Isolation from Culture Medium—The filtered culture medium in which 
the mold grew is acidified with H;PO, to Congo red and extracted four or 
five times with benzene by shaking at room temperature. The benzene 
layer, which is emulsified, is removed with the aid of suction and frozen 
in a deep freeze. On thawing, the emulsion is almost completely broken 
and a deeply colored benzene extract is obtained. The small residual emul- 
sion is broken by centrifugation, and the benzene extracts are then com- 
bined. Benzene is removed from the extract by distillation under reduced 
pressure, and the residue extracted with 20 per cent HCl and processed 
exactly as has been described for the mycelium. A liter of the culture 
fluid yields about 7 mg. of bostrycoidin. 
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Physical Properties of Bostrycoidin 


Bostrycoidin crystallizes in clusters of brown or red lath-shaped crys- 
tals. Usually the crystals are brown when crystallized from acetone. 
When heated in vacuo, the pigment sublimes, leaving no residue, and is 
deposited on a cold surface as bright red crystals. The pigment is in- 
soluble in water. It is soluble in strong acids and alkalies. An acid solu- 
tion of the material is orange-red in color and changes to a deep purple 
when the solution is made alkaline. At room temperature the crystals 
are moderately soluble in organic solvents such as 1,4-dioxane, benzene, 
ethanol, CHCl;, CCly, and acetone. 

The homogeneity of crystalline bostrycoidin is indicated by the results 
of a twenty-four transfer counter-current distribution in the Craig steel 
apparatus (3). The compound was distributed between CCl, and dilute 
NH,OH, pH 10, and twenty revolutions of the machine were made for 
each extraction. The solvents separated well during 2 minutes between 
extractions. When the transfers were completed, the concentrations of 
bostrycoidin in the upper and lower layers of each tube were determined 
by measuring the density of the color in the Klett-Summerson photometer 
with a green filter. The pigment in the upper phases was extracted with 
CCl, after neutralization of the NH,OH. The concentrations were read 
from a standard curve relating optical density to concentration of bostry- 
coidin in CCly.2 The results are given in Fig. 1. When the distribution 
curve is compared to the theoretical distribution, there is no indication of 
gross contamination of the crystalline compound. 

The pure preparations melted at 243-244° on a Fisher-Johns melting 
point block which had been calibrated against compounds of known melt- 
ing points. 


Chemical Properties of Bostrycoidin 


The compound gave negative tests for nitrogen, sulfur, phosphorus, and 
halides, and no residue was present otter ignition. Analysis for C and H 
best fits the formula C,sHy4Ov. 


Calculated. C 63.16, H 4.09, mol. wt. 342, CH;0 9.06 
Found. ‘* 63.17, ‘° 4.07, ‘*  ‘* (Rast, camphor) 305 + 10%, CH;0 10.874 


Titration—The solubility of the compound and its purple color in alka- 
line solution was interpreted as resulting from ionization of acid groups. 
An alkaline solution of bostrycoidin was titrated with HCl. For this ti- 

+The technical assistance of Mr. E. Urbanich is acknowledged. 


‘Analysis by Dr. E. W. D. Huffman, Huffman Microanalytical Laboratories, 
Wheatridge, Colorado. 
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tration 8.37 mg. of bostrycoidin (0.027 mm) were dissolved in 10 ml. of g 


CO.-free NaOH solution containing 0.112 mm of NaOH. This solution 
was titrated with 0.034 m HCl, and pH measurements were recorded on 4 
Beckman pH meter, with a general purpose glass electrode. The pH 
readings in the alkaline range were corrected for Na ion effect. Nz» was 
bubbled through the solution during the titration. 

The titration curve (Fig. 2) showed that an acidic group is titrated be. 
tween pH 6.8 and pH 8.5. The shape of the titration curve between pH 
8.5 and pH 10.5 suggests that another acidic group is titrated in this range, 
The group or groups involved in this titration could be hydroxyls, since 


their presence in the compound has been shown by the reaction with Fe(), | 


and with acetic anhydride.’ 
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Fig. 1. Counter-current distribution of 1.1 mg. of bostrycoidin. @, experi- 
mental; O, calculated. K = 1.6. 


Acetylation—53 mg. of crystalline bostrycoidin were dissolved in 2 nl. 
of acetic anhydride and 1 to 2 drops of concentrated H.SO, was added. 
The mixture turned red, and, after pouring it into ice water, an oily layer 
separated and solidified in the refrigerator. This product was dissolved in 
alcohol and the acetyl derivative crystallized from hot absolute ethanol as 
yellow needles which melted at 214° (corrected). Analysis of this com- 
pound indicates a diacetate of C:gsH)407. 


C22His059. Calculated. C 61.97, H 4.23, acetyl 20.19 
Found. “Gee, “488, “* mie 


Absorption Spectra—The ultraviolet and visible absorption spectra of 


5 The solubility of bostrycoidin in strong acids, referred to earlier in this paper, 
apparently results from oxonium ion formation and is characteristic of many com- 
pounds containing the hydroxyl] group. 
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bostrycoidin were measured in a Beckman spectrophotometer. For the 
visible spectrum, 142 y of the crystalline compound were dissolved in 5 
ml. of optical ethanol. This solution was diluted 1:3 with optical alcohol 
when readings were made in the ultraviolet range. The results are plotted 
in Fig. 3 in terms of the molecular extension coefficient with the molecular 
weight 305. Maxima were found at 251 and 320 muy in the ultraviolet 
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Fic. 2. Electrometric titration curve of 0.027 mm of bostrycoidin dissolved in a 
NaOH solution, and the titration curve of the NaOH solution alone. The initial 
volume of each solution was 10 ml. and contained 0.112 mm of NaOH. @, bostry- 
coidin in NaOH solution; O, NaOH solution alone. 


spectrum. In the visible region of the spectrum, bostrycoidin showed a 
maximum of 497 my, with breaks in the curve at 475 and 525 mu. 

The ultraviolet and visible absorption spectra of bostrycoidin are strik- 
ingly similar to the spectra of javanicin (4) and solanione (5), two pigments 
isolated from other species of Fusarium molds. The published absorption 
curves of these pigments are reproduced in Fig. 3. Both these compounds 
have been characterized as 5 ,8-dihydroxy-1 ,4-naphthoquinones with meth- 
oxy and acetony] side chains. 

The infra-red absorption spectrum of bostrycoidin dissolved in CHCl; 
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is reproduced in Fig. 4.6 When this spectrum was compared with the 
infra-red spectra of several synthetic naphthoquinones of the naphthazarin 
type published by Weiss and Nord (5), the similarity of the curves was 
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Fic. 3. The ultraviolet and visible absorption spectra of bostrycoidin. For com- 
parison, the absorption spectra of javanicin (4) and solanione (5) are reproduced 
from the published curves. 
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Fic. 4, The infra-red absorption spectrum of bostrycoidin. Solvent CHCl; 








evident. The usual quinone carbonyl band at 6.03 u is not prominently 
in evidence. In naphthazarin derivatives this band is suppressed, possibly 
as a result of hydrogen bonding between carbonyl and hydroxyl groups. 


* We are indebted to Dr. Harold Boaz of the Lilly Research Laboratories, Indian- 
apolis, for the infra-red absorption spectrum of bostrycoidin. 
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An absorption band for unbonded hydroxyl at 2.8 u is also absent. The 
band at 7.8 u is indicative of a methyl group. 

The absorption spectra strongly suggest that bostrycoidin is a substi- 
tuted naphthoquinone. This is also corroborated by qualitative color 
tests. When an alcoholic solution of the compound was decolorized by 
Zn and acetic acid, the color returned on standing, a reaction to be expected 
of a quinone ring. The Novelli test for 2-methyl-1 ,4-naphthoquinones and 
related compounds was positive (6). In this test, an acidified alcoholic 
solution of bostrycoidin developed a green color in the presence of 2,4- 
dinitrophenylhydrazine and NH;. A violet color resulted when nickel ace- 
tate was added to an alcoholic solution of the compound. This color is 
characteristic of hydroxynaphthoquinones (7). 

DISCUSSION 

The spectral characteristics and other chemical properties of bostrycoidin 
suggest that this pigment is a naphtho-1,4-quinone containing two hy- 
droxyls. In this respect it would be similar to javanicin and solanione, 
the Fusarium pigments studied by Arnstein and Cook (4) and Weiss and 
Nord (5), but it should be pointed out that these latter pigments have 
much lower melting points (208-210°) and smaller molecular weights. 
If bostrycoidin is a substituted naphthoquinone with an empirical form- 
ula of CigHi4O7, the molecule is more complex than that of javanicin or 
solanione. With the exception of a methyl group, whose presence was 
deduced from the infra-red spectrum, and an alkoxy group, found on analy- 
sis, we have no information as to the nature of the remaining groups. 
The presence of another aromatic ring also will have to be considered in 
accounting for all of the C, H, and O. However, if an anthraquinone nu- 
cleus were present, it might be expected that its ultraviolet absorption 
should have a maximum at 270 to 290 my (8). As will be seen from Fig. 3, 
amaximum in this region is absent from the bostrycoidin spectrum. 


SUMMARY 


A pigment possessing antibacterial activity against the tubercle bacillus 
m vitro has been isolated in crystalline form from the mold Fusarium bos- 
trycoides. The crystalline material, which has been named bostrycoidin, 
gave a counter-current distribution curve of a homogeneous substance. 

The absorption spectra and other chemical properties of this compound 
have been investigated. Attention is directed to its behavior as a naph- 
tho-1 ,4-quinone and its similarity to other Fusarium pigments that are 
substituted naphthoquinones. 
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THE EFFECT OF FASTING UPON TISSUE LIPOGENESIS 
IN THE INTACT RAT* 


By T. T. HUTCHENS,{ J. T. VAN BRUGGEN, R. M. COCKBURN, 
AND EDWARD S. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, Portland, 
Oregon) 


(Received for publication, November 30, 1953) 


A previous report from this laboratory (1) indicated that the intact 
fasted rat has a decreased ability to incorporate tracer amounts of acetate- 
1-C¥ into fatty acid and cholesterol fractions. Studies in vitro (2-4), pri- 
marily with liver slices, have shown greater decreases in lipogenesis after 
short fasting periods than those reported by us for the intact rat. 

In this paper, a comparison of lipogenic abilities of liver, gut, carcass, 
and skin is made in intact adult rats fasted for 1, 18, 96, and 240 hours. 
Incorporation, as per cent of dose, is reported for total fatty acid and total 
cholesterol fractions of the four tissues. Data are also presented for the 
weight of gross tissue and tissue lipide and the changes that occurred 
during fasting. Data on specific activity for these lipides are also given. 
Total respiratory CO, and CO, collections during the 4 hour experiment 


are reported and permit an evaluation of oxidative reactions of these 
animals. 


EXPERIMENTAL 


Adult male Sprague-Dawley rats,’ 200 to 250 gm. in weight, were trained 
to feeding as before (1), and this allowed close control of fasting periods. 
After the indicated periods of fasting, the animals were injected intraperi- 
toneally with a tracer dose of 2.7 & 10° c.p.m. (22 ue.) of acetate-1-C™ 
(5). The animals on the 1 hour fast averaged 250 gm., whereas, at the 
other time periods, rats were selected which would weigh 185 to 200 gm. 
after the fast. Immediately after injection, the rats were generally con- 
fined in a narrow cylindrical chamber, and total CO. and CO, collections 
were made in NaOH over a 4 hour period. The size and shape of the 
chamber permitted little body movement. After 4 hours the rats were 


*This work was supported largely by contract No. AT(45-1)-225 of the United 
States Atomic Energy Commission. A preliminary report of this work was presented 
at the Pacific Slope Regional Biochemical Conference at Berkeley, California, Oc- 
tober 11, 1952. 

t Work performed while on tenure as Research Fellow of the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health Service. 

' Sprague-Dawley Farms, Madison, Wisconsin. 
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chloroformed and quickly dissected as before (6). The volunies of diges. 
tion mixture and of subsequent reagents and solvents used for separation 
of saponifiable and non-saponifiable fractions were proportionate, on g 
tissue weight basis, to those with techniques previously described (1, 6), 

Radioassay—Aliquots of NaOQH-NazCO, solutions, either from the re. 
spiratory CO: absorbers or from the wet combustion? (7) of the lipide frae. 
tions, were plated as BaCQ; (8), and either were counted as infinitely thick 
BaCO; samples or the counts obtained were corrected to this thickness 
(20 mg. per sq. cm.). BaCQ, plates prepared from collections of respira- 
tory CO, were counted under a thin end window tube, the weight of BaC0, 
being used for the calculation of CO: production rates. Plates from lip. 
ide combustions were counted under a gas flow counter.* 


Results 


Data on per cent incorporation of label into fatty acid fractions of the 
four tissues examined at 1, 18, 96, and 240 hours of fast are presented in 


Table I. Comparison of the responses at various fast periods is facilitated | 


by considering the 1 hour fast as 100 per cent (normal) and by relating the 
fasting responses to this base-line. 

After the 18 hour fast, liver fatty acids showed a drop to 17 per cent of 
normal in the figures for per cent incorporation. Only slightly less de- 
crease in gut and carcass fatty acids occurred, whereas skin fatty acids fell 
to 36 per cent. Differences between the fatty acid incorporation in these 
tissues are less apparent after 96 and 240 hours of fasting. That extra- 
hepatic lipogenesis is of a high order, in contrast to hepatic lipogenesis, is 
apparent from a comparison of per cent incorporation of the four tissues 
at any one time period. At all the times studied, the tissues can be listed 
in the descending order of incorporation as gut, carcass, skin, and liver. 
Gut incorporation at all times was more than 10-fold that of liver. 

As seen in Table I, liver cholesterol incorporation showed the greatest 
decrease in the first 18 hour period, and again a great drop in the subse- 
quent 78 hours. In fractions of gut cholesterol there was a less pronounced 
but a steady decrease throughout the 240 hour period studied. In carcass, 
on the other hand, there was practically no change in the 240 hour fast. 
Skin cholesterol incorporation reached minimal values after only 96 hours. 
Again, as in the case of fatty acid incorporation, gut cholesterol fractions 
showed the highest values. Liver, carcass, and skin per cent incorpora- 
tions at the 1 hour period were essentially equal. 


2 Combustions were carried out as before (5) but carbon recovery was based on 
BaCO; plate weights rather than on titration figures (5). 

3 See Van Bruggen et al. ((6) p. 32) for the definitions of terms and for counting 
and calculation techniques. 
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The data of Tables II and III give a comparison of tissue and lipide 
weights as well as the specific activities of these lipides. As seen in Table 
II, the total losses in body weight during the 240 hour fast were of the 


TaBLeE I 


Incorporation of C4 of Acetate-1-C into Fatty Acid and Cholesterol 
Fractions of Tissues of Fasted Rats 

















—- No. of Fatty acids 
_ Liver Gut Carcass | Skin 

% incorporation * 1 3 0.35 4.1 2.7 1.0 
Range 0.2 -0.5 1.9 -7.9| 0.9-4.8| 0.6 -1.7 

% of 1 hr. fast 100 100 100 100 

% incorporation* 18 5 0.06 0.84 0.72 0.36 
Range | 0.04-0.07 | 0.7-1.0| 0.4-1.1 | 0.2 -0.5 

% of 1 hr. fast 17 20 27 36 

% incorporation* 96 2 0.06 0.92 0.71 0.2 
Range 0.06 0.9-1.0| 06-0.8| 0.2 

% of 1 hr. fast 17 22 26.0 20 

% incorporation* 240 2 0.05 0.68 0.61 0.18 
Range 0.02-0.07 | 0.4-0.96 0.6 -0.63 0.16-0.2 

% of 1 hr. fast 14 16 23 18 

Cholesterol 

% incorporation* 1 3 | 0.19 | 0.45 | 0.19 0.13 
Range | 0.13-0.31 | 0.24-0.77| 0.16-0.21) 0.1 -0.13 

% of 1 hr. fast 100 100 100 100 

% incorporation* 18 5 0.07 0.24 | 0.16 0.12 
Range | 0.02-0.11 | 0.21-0.28) 0.11-0.23) 0.08-0.16 

% of 1 hr. fast 37 53 | 84 | 92 

% incorporation* 96 2 0.015 | 0.22 | 0.15 | 0.06 
Range | 0.01-0.02 | 0.02-0.25) 0.14-0.16) 0.05-0.07 

% of 1 hr. fast 7.8 49 | 79 | 46 

% incorporation* 240 2 0.012 | 0.18 | 0.18 | 0.06 
Range 0.01-0.014) 0.11-0.26) 0.18-0.19| 0.06-0.07 


% of 1 hr. fast | | 6.3 | 40.0 | 95 | 46 





* Total activity (counts per minute) X 100/(total dose, counts per minute). 


same magnitude as those previously reported (1). Whereas the weight of 
liver and gut decreased to one-half, carcass and skin showed only slight 
changes. Total fatty acid weights decreased in all tissues, the greatest 
change occurring in gut fractions. Since gut tissue represents total tissue 
plus contents, the large drop in the first 18 hours in total fatty acids is not 
unexpected. It is of interest that the unit amounts of liver fatty acid 
(mg. per gm. of tissue) remained essentially constant throughout the 240 
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hours of fasting, while these values for carcass, gut, and skin decreased 
slightly up to 96 hours, and were followed by appreciable losses in the % 
to 240 hour period. 

The fall to about 14 per cent of normal that occurred with specific ac. 
tivities of liver fatty acid is greater than that seen in the other tissues, 
The highest specific activities were those of gut, which in the later stages 
of fasting were 5 to 10 times higher than any other tissue. 





TaBLe II 
Tissue Weights and Data on Fatty Acid of Fasted Rats 
Fasting Body weight Tissues 
period, = ee ee os 
hrs. Before After | Liver Gut (|Carcass| Skin 
gm. gm. 


Tissue weight,* gm. 1 250 250 | 8.9 |23.3 {129.0 | 33.9 
Fatty acids,* gm. | 0.29 | 1.29| 8.18 5.0 

“ ‘© mg. per gm. 32.5 (54.6 | 65.9 |153.0 
Specific activityt Is7.6 |74.3 | 9.9| 3.9 
Tissue weight,* gm. 18 | 229 185 | 7.93 18.3 |138.0 | 35.4 
Fatty acids,* gm. 0.26 | 0.80 | 6.76) 3.7 
mg. per gm. 33.1 (43.8 | 48.9 106.5 

6.7 |35.2 | 3.3] 2.4 
| 7.08 |13.80 |140.65 31.45 
| 0.241) 0.752) 7.00 2.78 
34.0 [54.5 | 49.8 | 88.4 
| 6.0 |30.4 | 2.6) 17 
| 5.13 |11.75 |141.8 | 37.42 











Specific activityt 
Tissue weight, gm. 96 


| 253 | 202 
Fatty acids, gm. | 

| 

| 

| 

| 





se oe 


mg. per gm. | 
Specific activityT 
Tissue weight, gm. | 
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Fatty acids, gm. | 0.21 0.334, 4.27; 1.3 
“ “mg. per gm. | 39.96 28.4 | 30.11) 32.7 
Specific activityt | 14.8 |47.4 | 6.3] 5.4 





* Corrected to the base weight of a 200 gm. animal. 
¢ Counts per minute per mg. of fatty acid. 


The data of Table III indicate that only slight losses of total cholesterol 
occurred in liver and gut, and these only in the 96 to 240 hour period. 
Indeed, carcass and skin fractions showed an apparent increase in the 
cholesterol mass. There was a general increase in mg. of cholesterol per 
gm. of tissue in all tissues with fasting. Specific activities of liver cho- 
lesterol decreased to about 10 per cent of normal, but specific activities of 
other tissue showed much less change. As in the case of gut fatty acid 
fractions, specific activities of cholesterol were of a high order and were 
maintained well during the fast. 

In all lipide fractions studied, specific activities of cholesterol fractions 
were greater than those of the fatty acids, which is a general finding in 
our work with the intact animal. 
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Data on carbon dioxide collections are presented in Table IV. At 96 
and 240 hours, data for a single animal are reported. The other two rats 
involved were injected with the tracer acetate and allowed to remain in 


TaB_e III 
Tissue Weights and Data on Cholesterol of Fasted Rats 


























a, | | 
petted, ~ My f Liver Gut Carcass Skin 
rs. | 
| 

Tissue weight,* gm. 1 | 3 1 8s 23.3 | 129.0 33.9 
Cholesterol ,* mg. | 21.52 | 44.24] 151.9 | 111.3 
- mg. per gm. 2.5 1.91 1.20 3.23 
Specific activity f 177.3 171.0 70.7 21.1 
Tissue weight* | 18 5 7.93 | 18.28 | 138.0 35.4 
Cholesterol,* mg. 22.59 | 53.65 | 243.2 | 136.0 
ve mg. per gm. 2.85 2.93 1.76 3.84 
Specific activityT 51.2 144.8 17.9 19.59 
Tissue weight 96 2 7.08 | 13.8 | 140.6 31.4 
Cholesterol, mg. 23.95 | 51.2 | 204.1 | 146.0 
~ mg. per gm. 3.38 3.71 1.45 4.64 
Specific activityT 15.3 | 106 16.6 9.5 
Tissue weight 240 2 5.13 | 11.8 | 141.8 37.4 
Cholesterol, mg. 17.85 | 34.4 273.4 156.0 
Pe mg. per gm. 3.48 2.92 1.93 4.21 
Specific activityT 13.8 129.9 15.4 | 9.7 














* Corrected to the base weight of a 200 gm. animal. 
+ Counts per minute per mg. of cholesterol. 
TaBLe IV 
Data on Respiratory Carbon Dioxide of Fasted Rats 











Fasting period. . ‘ | 1 hr. | 18 hrs. | 96 hrs.* | 240 hrs.* 
— a |I— 
Total COs, mar............| 66.5 3.0 | 47.5 ) 34 
CO2, mw per hr.t....... 12.7 10.7 | 11.6 8.2 
Specific activity$..........| 1.02 1.95 1.80 2.06 
% incorporation. .. eet 68.1 71.2 86 71.1 
| 





* Data for a single animal. 
} Per base weight of 200 gm. 
{ Counts per minute per millimoles of COz X 10-‘. 


an open animal cage without the confinement and restrictions of the me- 
tabolism chamber. 

An apparent decrease in respiratory CO, production occurred during the 
240 hour fasting period. The increase in C“O, specific activities with the 
decline in total CO, tended to maintain the total per cent incorporation 
into respiratory COs. 
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DISCUSSION 


The data presented for carbon dioxide incorporation indicate that the 
label was metabolically available to oxidative processes in all the rats 
studied. As previously suggested (1), the absence of increased dilution of 
label by endogenous CO, precursors in the fasted animals may indicate g 
similar lack of dilution by C, lipide precursors. Normal CO: incorporation 
of label then agrees with our previous values with the total animal (1) and 
with those of Medes, Thomas, and Weinhouse (4), who found no impair. 
ment in acetate utilization for CO, production even with 20-fold decreases 
in lipide labeling. Klein and Lipmann (9), who reported decreased lipo- 
genesis in liver slices to be associated with low levels of coenzyme A, also 
found little change in Qo, values for these coenzyme A-poor slices. 

That the tissues of the intact rat may in certain cases yield information 
comparable to that from slice preparations is indicated by the incorpora- 
tion data of the fatty acids. Medes et al. (4) and Lyon, Masri, and Chai- 
koff (2) found that the labeling of liver fatty acids decreased to very low 
values after 12 to 18 hours of fasting. Although our liver tissue retained 
17 per cent of its normal incorporation at the 18 hour fast, this value 
appears to be a minimal one, for little change was seen in the subsequent 
8 days of fasting. 

As far as we are aware, the data on per cent of acetate label incorporation 
into fatty acids of gut, carcass, and skin of the intact rat have not been 
presented previously for the fasted rat. The magnitude of label incor- 
poration into extrahepatic tissues is worthy of note. Lipogenesis in extra- 
hepatic tissue appears also to be labile. Gut and skin fractions, however, 
required more than 18 hours fasting to reach minimal values. That liver 
tissue in our work seemingly is more susceptible to fasting than other tis- 
sues may be in keeping with the well known lability of liver glycogen stores. 
The slice experiments of others (10, 11) have shown that carbohydrate 
ingestion and active glycolysis may be critical factors in controlling lipo- 
genesis. 

The evaluation of a fasting response in terms of a deviation from normal 
is difficult. In this report we have chosen as a point of reference the 
response of 1 hour postprandial preparations from rats trained to feeding. 
In another group of eight Sprague-Dawley adult male rats of our own 
colony, which were trained to feeding and used approximately 1 hour after 
feeding, the percentage C™ incorporation into fatty acids averaged 1.26, 
1.77, 1.79, and 0.56 for liver, gut, carcass, and skin, respectively, whereas 
percentage incorporation for cholesterol was 0.26, 0.26, 0.16, and 0.06 for 
these same tissues. The figure of 1.26 for incorporation in liver fatty acid 
is some 4 times greater than that of 0.35 listed in Table I as “normal” in 
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the present series. The indicated variability of “normal” animals and 
the demonstrated lability of lipogenic mechanisms thus make necessary 
a close definition of the conditions under which reference lines of ‘‘normal” 
responses are determined. 

The apparent changes seen in total tissue mass and in fatty acid and 
cholesterol masses have been reported in terms of a 200 gm. rat. Pre- 
fastigg weights appreciably higher than 200 gm. would unquestionably 
influence the data on tissue mass and total lipide mass, and may be re- 
sponsible for the apparent increased mass of carcass and skin cholesterol. 
Since the data reported for mg. of lipide per gm. of tissue are less dependent 
upon variations in body weight, it is interesting to point out that there 
was little change in unit amounts of liver fatty acid but an apparent in- 
crease in cholesterol concentration. There was a progressive decrease in 
fatty acid concentration of the gut but an increase in cholesterol up to 96 
hours, and then a decrease. Concentrations in carcass cholesterol were 
maintained well, but those for fatty acids decreased somewhat. In skin 
fatty acid, concentration was reduced to 20 per cent of normal, but cho- 
lesterol concentration was maintained. 

The data on specific activities will not be discussed in detail because of 
the marked dependence of these data upon factors other than lipogenic 
rates. The high specific activity of both fatty acid and cholesterol frac- 
tions of gut, however, may have an important bearing upon conclusions 
drawn regarding the interchange of tissue lipides. 


SUMMARY 


The participation of liver, gut, carcass, and skin in the lipogenic responses 
of the adult male rat has been studied in animals fasted up to 240 hours. 
Liver lipogenic mechanisms appear to be the most susceptible to fasting, 
but all tissues studied showed significant decreases in the incorporation of 
label with extended fasting. Of the tissues studied, liver was the least 
active in incorporation of label during fasting. The magnitude of label 
incorporation into gut fractions is great, and in all probability should be 
considered in interpretations of tissue lipide interchanges. 
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THE ACTIVE SURFACE OF THE SERUM ESTERASE* 
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(Received for publication, November 2, 1953) 


The forces of interaction between human serum cholinesterase and ace- 
tylcholine have not been systematically investigated, although several 
authors have made important studies of specificity (e.g. (1, 2)). Methods 
of distinguishing the serum cholinesterase from the erythrocyte esterase 
(acetylcholinesterase) have been developed, based upon the substrate spe- 
cificity of the enzymes (3-5). Studies on the réle of methyl groups and 
electrical charge in the amino group in determining the interaction of sub- 
strates and inhibitors with the enzyme are reported in this paper. The 
approach is similar to that used in studies with acetylcholinesterase (6). 
The data indicate that there is Coulomb binding associated with the posi- 
tive charge of the usual substrate which may well be described in terms of 
an enzyme anionic site. Methyl groups contribute to the binding in a 
manner which may be quantitatively explained by London dispersion 
forces. 


Methods 


Enzymatic activity was assayed at 25° manometrically for the inhibition 
and substrate concentration experiments. The buffer consisted of 0.2 m 
NaCl, 0.025 m NaHCOs, and 0.1 per cent gelatin gassed with 5 per cent 
CO:-95 per cent Nz. The addition of MgCl: did not affect the activity. 

The pH curves were obtained by continuous titration in 0.1 m NaCl- 
0.001 m MgCl, solution with, in all but one case, 0.1 per cent gelatin, with 
the Beckman automatic titrator, slightly modified so as to increase the 
rapidity of response. 

The enzyme preparation used in these studies was a white powder 
labeled Fraction IV-6-3 obtained from the Department of Physical Chem- 
istry, Harvard Medical School. We are greatly indebted to the late Dr. 
Edwin J. Cohn and to Dr. John T. Edsall for this gift. 

One of the compounds, 6-methylaminoethyl acetate hydrochloride, has 
not been previously described. 


*This work was supported in part by the Medical Research and Development 
Board, Department of the Army, Office of the Surgeon General, contract No. DA-49- 
007-MD-37, and in part by the Division of Research Grants and Fellowships of the 


National Institutes of Health, grant No. B-573-C5, United States Public Health 
Service. 
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8-Methylaminoethyl acetate hydrochloride was prepared from 8-methyl- 
aminoethanol hydrochloride and acetyl chloride saturated with dry HCl at 
room temperature for 2 days. The solid was recrystallized from alcohol 
and ether; m.p. 110°; calculated, Cl 25.3, C 34.4, H 7.16, N 10.00 per cent; 
found, Cl 25.3, C 34.6, H 7.43, N 10.00 per cent. 

8-Aminoethyl acetate hydrochloride was prepared in the same way as 
the methyl] derivative; m.p. 128°; calculated, Cl 23.1, C 39.0, H 7.81, N 
9.11 per cent; found, Cl 23.1, C 38.9, H 8.03, N 9.02 per cent. This 
compound has been previously prepared in another way (7). 


Results 
The enzyme preparation does not follow the Michaelis-Menten equation, 


_ _Va(S) 
°" Ka + (8) 





as indicated by the fact that a plot of 1/v versus 1/S does not yield a straight 
line over the complete substrate concentration range of 10-' m to 107% y 
with both acetylcholine and butyrylcholine. Good linearity is obtained 
with concentrations greater than 10-* m and 5 X 10-* M, respectively, but 
at lower concentrations the rate declines less rapidly, and at 10-* m the 
rate is about 25 per cent higher than anticipated. Possibly the preparation 
contains two enzymes of distinctly different substrate affinities. Dimeth- 
ylaminoethyl acetate does yield a straight line in the above concentration 
range. 

A comparison of the enzyme behavior in a solution containing 0.1 per 
cent gelatin (0.1 m NaCl, 0.001 m MgCl.) and one without gelatin (Fig. 1) 
also suggests that we may be dealing with two enzymes. As is frequently 
found with dilute enzyme solutions, the activity is very much higher in the 
presence of gelatin and the pH behavior is in general about the same as 
that described by others (8). This type of observation is often ascribed 
to a protective action of the added protein against denaturation of the 
enzyme on glass surfaces. In such a case the properties of the surviving 
enzyme in an unprotected solution would be the same as in the protected 
solution. In our case, however, the pH-activity curve is very markedly 
changed. While this phenomenon may be caused by enzyme-gelatin inter- 
action, an explanation in terms of selective denaturation of one of two en- 
zymes in unprotected solution would be plausible. This observation will 
be pursued further. 

The inhibition studies were made with a substrate concentration of 0.01 
M acetylcholine, which is the value of the Michaelis-Menten constant cal- 
culated from observations at high concentration. (The low concentration 
range corresponds to about 2 X 10-*m.) The influence of methyl groups 
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on the binding of alkylamine cations was studied with two series of com- 
pounds, a tetramethylamine series and a choline series (Table I). Removal 
of one methyl group increases the binding by a factor of about 3.6. There- 
after successive removal of methyl groups decreases the binding by about 
§-fold on the average for each methyl group. In this latter respect the 
serum esterase resembles acetylcholinesterase, even in the unequal succes- 
sive changes observed in the choline series (9). The binding contribution 
corresponds to about 1.2 kilocalories per mole per methyl group. 


Te 


\ 


€ 


pMOLS PER MG PER MINUT 











0 1 1 i 1 ‘e i L 1 J 
6 7 8 9 10 
pH 
Fig. 1. The pH-dependence of serum esterase activity for enzyme protected with 
0.1 per cent gelatin (O) and for unprotected enzyme (@) in 0.1 m NaCl and 0.001 m 
MgCl; at 0.01 m acetylcholine bromide and 25°. 


An increase of binding with size is observed in the series of quaternary 
ions, tetramethylammonium ion, choline, trimethylphenylammonium ion, 
and tetraethylammonium ion, but the effect is not as pronounced as in the 
case of acetylcholinesterase. 

The effect of charge is demonstrated by the 8.5-fold better binding of 
dimethylaminoethanol ammonium ion than of the uncharged but struc- 
turally similar isoamyl alcohol. The charge effect is also illustrated by 
trimethylphenylammonium ion and the uncharged (at neutral pH) di- 
methylphenylamine. In this case we must first make a 3.6-fold correction 
for the poorer binding of a quaternary, compared to a tertiary, compound 
to obtain 0.0044 m as the 50 per cent inhibition concentration for a posi- 
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tively charged dimethylphenylammonium ion. Since the uncharged mole. 
cule causes 50 per cent inhibition at 0.026 , there is a 6-fold charge effect, 
The charge effect is further demonstrated by measurements of the inhibi. 
tion of the tertiary amine triethanolamine (pK, = 8) as a function of pH 
over a range in which it changes from predominantly cation to mainly 
electrically neutral amine (Fig. 2). The point of inflection differs from 
pK, only because the per cent inhibition is not a linear function of the 


TaBLe I 


Inhibitory Strength of Series of Substituted Ammonium Ions and Related Compounds 
in Regard to Acetylcholine Hydrolysis by Human Serum Esterase 


The figures present the molar concentration of inhibitor required to produce 50 
per cent inhibitions (C59). The concentration of substrate was always 0.01 M; 1 = 
25°; pH 7.2. The test mixture contained the enzyme in a buffer solution of the 
following composition: 0.2 m NaCl, 0.025 m NaHCOs, and 0.1 per cent gelatin. 














Cso 
Totramethylammoniom 10M... ......... 5. cece secs ccccence 0.065 
CP WMBGUIY POMIMNODITIID 900). «5.5... on csc ccc een cc ceccccees 0.02 
NI os sc is cic suieo bows das ous aulewcdivedis 0.22 
NS ee Pe ee ee 1.5* 
Trimethylethanol ammonium ion (choline).................. 0.053 
Dimethylethanol ammonium ion............................ 0.013 
Methylethanol ammonium ion............................. 0.24 
ee iad ead nis diana Meet woe bk waren Bue 0.6* 
ee ee 0.012 
Trimethylphenylammonium ion............................ 0.016 
IRS 65 na bite cnccsrs sane cetnensecsnreaeas 0.026 
ED ho) ty S10 sacha hea manipgr wen ed ered panes clk 0.11 





* Extrapolated from measurements at 0.2 m concentration. 


inhibitor concentration. In this same pH range the inhibition by choline, 
whose structure does not change, remains constant. Since the dissociation 
constant of inhibitor-enzyme complex is proportional to 

Y (1)/Kr 


» "14 OK @) 


where v® is the reaction velocity in the absence of inhibitor, v in the pres- 
ence of inhibitor, (J) and (S) the inhibitor and substrate concentration, 
respectively, and K, and K,, the inhibitor-enzyme dissociation constant 
and Michaelis-Menten constant, the relative affinities of the charged (pH 
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7.5) and uncharged (pH 9) molecules can be evaluated to yield a factor of 
about 4. Since the inhibition is rather low at pH 9, the left-hand quantity 
in Equation 1 will have a large error, and hence the value of 4 cannot be 
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Fic. 2. The inhibition of serum esterase by triethanolamine (O) and choline (@) 
as a function of pH in 0.1 per cent gelatin, 0.1 m NaCl, and 0.001 m MgCl, at 25°. 
Substrate concentration 0.01 m acetylcholine bromide. 
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pH 
Fic. 3. The rate of hydrolysis of 0.005 m dimethylaminoethyl acetate hydro- 
bromide by serum esterase divided by the rate of hydrolysis of 0.01 m acetylcholine 


bromide as a function of pH in 0.1 per cent gelatin, 0.1 m NaCl, and 0.001 m MgCl, 
at 25°. 


accepted as accurate. The above cases show a decrease in the importance 
of electrical binding as the size of the inhibitor increases and the “fit” 
becomes poorer; that is to say, as the distance between the positive charge 
and the protein increases. This phenomenon was also observed with 
acetylcholinesterase. 

Coulomb binding can also be demonstrated with substrates. In Fig. 3, 
the rate of hydrolysis of dimethylaminoethyl acetate (pK, = 8.5) divided 











128 ACTIVE SURFACE OF SERUM ESTERASE 


by the rate of hydrolysis of acetylcholine is plotted as a function of pH. 
Since in most of this range the hydrolysis of acetylcholine (whose structure 
does not change with pH) is roughly constant, the curve is nearly the same 
as that for the hydrolysis of dimethylaminoethy] acetate, but the method of 
plotting corrects for those changes which are not caused by changes in the 
structure of the substrate. The curve is what one would expect on the 
basis that the cationic form is at this concentration of 0.005 m hydrolyzed 
at a much greater rate than is the uncharged base. It is apparent that a 
very large decrease in the rate of hydrolysis occurs between pH 8 and § 
in the precise region where the substrate changes from mainly cationic to 
predominantly uncharged base. It is evident, therefore, that with both 
substrates and inhibitors there is greater binding of cationic molecules, 


TaBLe II 
Kinetic Data for Substrates of Serum Esterase at pH 7.2 
The test mixture contained the enzyme in 3 ml. of buffer solution of the following 
composition: 0.2 m NaCl, 0.025 m NaHCOs, and 0.1 per cent gelatin. The velocities 
(V,, and v) are given in micromoles per minute per mg. of protein. The last column 
presents the velocities at a substrate concentration (S) of 0.01 m. 














Concentration range Km Vin | o(S) = 0.01 
Butyryleholine............... 0.1 -0.005 4.7X 10°? | 15 10 
Acetylcholine................ 0.1 -0.01 1.1 X 10°? 9.7 4.6 
Dimethylaminoethyl acetate..| 0.1 -0.001 2.5 X 10-3 0.56 0.44 
Methylaminoethyl acetate....) 0.05-0.005 2.5 X 10 0.33 0.10 
Aminoethyl acetate........... 0.02 





The effect of methyl groups on the characteristics of enzyme-substrate 
‘interaction are summarized in Table II. The general specificity as meas- 
ured by the rate of hydrolysis at a substrate concentration of 0.01 m de- 
clines very rapidly as methyl groups are successively removed from acetyl- 
choline. The Michaelis-Menten constants adhere quite closely to the pat- 
tern of the cationic inhibitors. Removal of one methyl group from acetyl- 
choline to yield the tertiary compound dimethylaminoethy] acetate (cation 
at neutral pH) decreases K,, by a factor of 4. Further removal of a methyl 
group increases K,, by a factor of 10. 

The maximal velocities are interesting in that the quaternary structure 
is much more active than the tertiary. This observation is consistent 
with observations on choline acetylase (10) and with the great physiological 
difference evoked by the third methyl group (11), but differs from acetyl- 
cholinesterase in which there is only a factor of 2 between the two com- 
pounds. However, in some reactions of acetylcholinesterase this much 
greater activity of the quaternary compound reappears (10). Further re- 
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moval of a methyl group decreases the maximal velocity by less than a 
factor of 2. 

The greater rate of hydrolysis of butyrylcholine is caused by better 
binding and by a higher maximal velocity. 


DISCUSSION 


If one assumes that the changes in hydration concomitant with the bind- 
ing of the ammonium ions are either small in their effect or are about the 
same for the different ions, then we may attribute the observed increase in 
binding for each methyl group to van der Waals’ (dispersion forces) attrac- 
tion between the methyl group and some hydrocarbon moiety of the pro- 
tein. This explanation is satisfactory from a quantitative point of view, 
since the latent energy of evaporation of methane, in which only dispersion 
forces are involved, is about 2 kilocalories per mole. If van der Waals’ 
binding is operative, we should expect that increasing the size of the hydro- 
carbon groups surrounding the central nitrogen atom of the cation within 
limits imposed by the size of the enzyme site should improve the binding 
of the inhibitor. This effect has been observed, but it is less pronounced 
than in the case of acetylcholinesterase, suggesting that repulsive forces 
associated with the size of the site are also operative. With the series 
tetramethyl-, tetraethyl-, tetrapropyl-, and tetrabutylammonium ions, 
Bergmann and Wurzel (12), in contrast, concluded that the spatial limita- 
tion of binding by the serum cholinesterase was less severe than by acetyl- 
cholinesterase. This type of limitation may be the explanation of the 
greater binding of tertiary compared to quaternary ions. In a tetrahedral 
structure, any one group lies in a direction opposed to that of the other 
three. In this case we should have to suppose that the binding site is 
located in a “‘crevice,” and hence there would be repulsive forces between 
the extended fourth group and the protein. 

The electrical potential energy can be treated in terms of electrostatic 
theory. If we assume n electrical charges on the average in the protein 
molecule, then the free energy of electrical interaction is approximated by 


AFe = —RT In (electrical factor) = 
=1 Dir 


where Z; is the sign and number of electronic charges, r; is the distance, 
and D; is the effective dielectric constant of the ith group. In the case of 
acetylcholinesterase satisfactory agreement could be obtained by assuming 
a single negative electronic charge at a distance of 1 unbonded atomic 
radius within the protein corresponding to a charge separation of 5 A 
(13, 14). In the present case the electrical factor is only 0.28 times as 
great, yielding an electrical binding energy of 1.26 kilocalories per mole, 
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corresponding to an electronic charge of 0.68 at the same distance. This 
value is thus the effective charge corresponding to the summation of many 
charges both positive and negative at varying distances, as indicated by 
the equation. Such may also be the case with acetylcholinesterase jn 
spite of the fact that the charge amounts to | electronic unit. The Cou. 
lomb potential field of several charges may have a minimum in a very 
definite location and thus serve to position a substrate in contrast to the 
Coulomb potential of a single charge. 

It is appropriate, therefore, to describe the demonstrable electrical at- 
tractive properties of the serum esterase in terms of an anionic site. The 
striking parallelism between K,, of substrates and the binding of analogous 
inhibitors suggests that the equilibrium term k2/k; in 


i ke ks 
onan ( “ :) 
where k is defined by the scheme 


E+S8S a ES a E + products 
is, if not the predominant term, sufficiently important in relation to ks/k; 
so that the dissociation constant is at least approximately given by K,. 

The picture of the enzyme-substrate complex which emerges for the 
serum esterase is quite similar to that of acetylcholinesterase, but differs 
quantitatively in two important respects: the Coulomb forces of attraction 
are only 68 per cent as great and the size of the anionic site is more r- 
strictive. On the other hand, as is well known, this enzyme is less restric- 
tive toward the size of the acy] chain. 

The restrictive nature of the anionic site is clearly brought out by com- 
‘paring the binding of these quaternary and tertiary compounds by human 
serum cholinesterase and acetylcholinesterase from electric tissue of Ele- 
trophorus electricus. Equation 1 can be used for this purpose. Since in 
the present serum esterase work (S) = K,, and in the previous work with 
eel acetylcholinesterase (9) (S) = 8K,,, ((S) = 4 XK 10°; K,, = 5 X It* 
M), the dissociation constants are given by one-half and one-ninth the 30 
per cent inhibition concentration, respectively. The affinity for acetyl- 
cholinesterase is greater in all cases (Table III). It is evident that the 
ratio of binding is markedly affected by the size of the inhibitor. Adams 
and Whittaker (14) found a ratio of 30 for the binding of choline by the two 
enzymes of human blood. By tacitly assuming that this large difference 
in affinity was due solely to electrical attraction, they concluded that the 
serum esterase did not contain an anionic site. From data presented here, 
it is apparent that both electrical and repulsive forces (size) are involved. 
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In the case of the smallest ion in Table III, trimethylammonium ion, the 
ratio is only 6, which compares reasonably well with our finding, from 
independent data, that there is a factor of 4 in the strength of Coulomb 
binding for the two enzymes. 


Taste III 


Ratio of Affinities of Acetylcholinesterase and Serum Esterase to Ammonium Ions 








—_— 








Affinity to acetylcholinesterase 
Affinity to serum esterase 











Trimethylphenylammonium ion................... 90 

OR Ee oe ee ae 48 

Dimethylaminoethanol ammonium ion............. 12 

Tetramethylammonium ion........................ 19 

Trimethylammonium ion.......................... 6 
SUMMARY 


A purified preparation of human serum esterase was used in studies to 
elucidate the nature of the binding forces between substrate and enzyme. 
It was found that methyl groups have binding features which can be ex- 
plained on the basis of van der Waals’ dispersion forces. There was also 
a pronounced electrical charge effect, indicating that the protein had an 
effective net negative charge of about 0.68 electronic unit operating at the 
site of binding of the ammonium ions. It is quite appropriate to describe 
this Coulomb binding as the operation of an anionic site. 

Tertiary cations were better bound than quaternary ions, and there was 
an indication that this could be explained by rather severe spatial limita- 
tions. 

The enzyme shows the marked activating influence of a quaternary struc- 
ture compared to a tertiary one, which is so characteristic of other systems 
that interact with acetylcholine. 


The author wishes to express his gratitude to Dr. David Nachmansohn 
for his inspiring guidance and advice throughout this work. 
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THE EXCRETION OF METABOLITES OF PROGESTERONE- 
21-C“ AFTER INTRAGASTRIC ADMINISTRATION 
TO RATS* 


By NAI-HSUAN CHANG SHEN,}t WILLIAM H. ELLIOTT, E. A. 
DOISY, Jr., anp EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missour?) 


(Received for publication, December 10, 1953) 


Our interest in the relative inactivity of progesterone by oral adminis- 
tration reported by several investigators (1-4) has led us to utilize proges- 
terone-21-C'* to ascertain whether the diminished activity could be re- 
lated to absorption from the gastrointestinal tract. Since our experiments 
clearly showed that the metabolites were excreted more rapidly in urine 
than Grady et al. (5, 6) had observed for progesterone administered by the 
intramuscular route, a complete set of experiments comparable to those 
previously published, except for the mode of administration, is reported in 
this paper. In addition to the types of animals used by Grady et al., data 
are included for rats which had been subjected to a sham operation. 


EXPERIMENTAL 


Excretion of Radioactivity in Bile, Urine, Feces, and Expired Air after 
Intragastric Administration of Progesterone-21-C'—In all experiments, 
spayed adult female albino rats from the St. Louis University colony, 
weighing from 250 to 350 gm., were used. In order to compare the rate of 
excretion after intragastric administration with that after intramuscular 
injection under similar conditions (5), 0.5 mg. of progesterone-21-C™ (a 
physiological amount for intramuscular and subcutaneous administration 
(7)) was given to four types of rats, namely, control (NC), operated by 
sham (OC), bile fistula (BF), and bile duct-ligated (DL). After intragas- 
tric administration of the steroid in 1 ml. of 50 per cent ethanol, the expired 


* A preliminary report embodying some of the data contained in this paper was 
presented at the meeting of the Federation of American Societies for Experimental 
Biology in Chicago, 1953. The material presented herein is taken from a thesis sub- 
mitted to the Graduate School of St. Louis University by Nai-hsuan Chang Shen in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in Bio- 
chemistry. 

This paper is based on work performed under contract No. AT(11-1)-201 between 
the Atomic Energy Commission and St. Louis University, and was aided by a grant 
from the Damon Runyon Memorial Fund for Cancer Research, Inc., New York. 

t Present address, Department of Internal Medicine, St. Louis University School 
of Medicine, St. Louis, Missouri. 
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CO, (NC rats only), feces, urine, and bile (BF rats only) were collected a 
regular intervals for a 4 day period and analyzed for their radioactive con. 
tents. All samples were assayed for radioactivity as described previously 


TABLE [ 


Distribution of Radioactivity in Excreta of Rats after Intragastric Administration of 
0.6 Mg. of Progesterone-21-C™ 





—__—___..., 






































Recovery of administered C™ in excreta* 
Type of rat pe — 
Expired COs} Urine | Feces | Bile | Total 
: | per cent 4 per cent | per cent per cent ‘ | pape: 

Control (NC) | 1 13.6 28.4 59.6 | 101.6 
| 2 15.6 20.2 63.9 99.7 
3 14.4 32.9 44.3 91.6 
DI Sc gsys sta savaretas a 14.5 27.2 55.9 97.6 
Operated by sham | 1 38.6 53.6 92.2 
(OC) 2 37.9 48.2 86.1 
| 3 37.7 55.6 93.3 

| 
I oo ie Se niezoe nt 38.1 52.5 90.5 
Bile fistula (BF) lt 36.6 5.7 56.8 99.1 
2 27.3 6.3 65.1 98.7 
| 3 38.5 8.7 59.6 106.8 
I east sss cones 34.1 6.9 60.5 101.5 
Ligated bile duct (DL)| 1 75.8 13.8 89.6 
. 85.7 10.0 95.7 
| 3 79.3 6.9 | 86.2 
OSA 80.3 10.2 | 90.5 

















* The excreta were collected for 4 days except as noted. 
+ The excreta of this animal were collected for a 5 day period. The excretion on 
the 5th day was less than 2 per cent. 


(5); those samples of weak or questionable radioactivity were counted with 
a gas flow counter. 

The percentages of the administered radioactivity excreted in bile, urine, 
feces, and expired C“O, during the 4 day period are given in Table I. It 
is apparent that the recovery of C“ (from 86 to 107 per cent) in the excreta 
in most cases was approximately quantitative. NC rats excreted from 14 
to 16 per cent of the administered radioactivity in the expired air, indicat- 
ing that the side chain from some of the labeled hormone was oxidatively 
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removed. From 20 to 33 per cent was recovered in the urine and from 44 
to 64 per cent in the feces. OC animals excreted about 38 per cent of the 
administered C™ in the urine and from 48 to 56 per cent in the feces. BF 
rats excreted from 57 to 65 per cent of the administered C“ in the bile, 
from 6 to 9 per cent in the feces, and from 27 to 39 per cent in the urine. 
DL rats excreted from 76 to 86 per cent of the administered radioactivity 
in the urine and from 7 to 14 per cent in the feces. 





NC OC BF DL 
60L di 
bi Z 
U Z 
y 
a y 
2 g 
tj 40} Z ;. 
IE g 
D g 
Z g 
: 
<q 2°} ZZ 1 
iS 








1234 1234 1234 1234 
DAYS 


Fic. 1. Average daily C™ excretion after the intragastric administration of 0.5 
mg. of progesterone-21-C™%. NC, three control animals; OC, three animals operated 
by sham; BF, three animals with bile fistulas; DL, three animals with ligated bile 
ducts. The heights of the bars represent total daily excretion. The C* in feces is 
represented by the solid bar, in COz by the clear bar, in urine by the vertically lined 
bar, and in bile by the diagonally lined bar. 


The excretory pathways of progesterone metabolites in these experiments 
are similar to those reported by Grady et al. (5) after intramuscular ad- 
ministration and by Riegel et al. (8) and Barry and associates (9) after 
intraperitoneal injection. The liver, intestinal tract, kidney, and lung were 
the main organs for excretion of metabolites; the major source of fecal C™ 
in the first two groups of animals (NC and OC) would seem to be the bile, 
as shown by the excretion of large amounts of C" in the bile of the bile 
fistula rats. However, when the bile duct was ligated, the kidney assumed 
the major function of excretion. 

The daily excretion of C" is depicted in Fig. 1. In both the NC and OC 
rats, over 80 per cent of the administered radioactivity was excreted during 
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the 48 hour period following administration. The excretion appears to be 
somewhat more rapid in the NC rats, but this may be due to the fact that 
CO, was not determined in the expired air in OC rats. The rats with 
cannulated bile ducts excreted C™ as rapidly as the normal controls. Rats 
having ligated bile ducts excreted the metabolites less slowly than the 
other groups. It seems unlikely that this resulted from impaired absorp. 
tion due to the inhibition of secretion of bile into the intestine, since the 
bile was also diverted from its normal channel in BF rats. Moreover, 
Hoffman, Masson, and Desbarats (10) found that after the administration 
of the same weight of progesterone by gavage a larger amount of preg. 
nanediol was excreted in the urines of rabbits having transected bile duets 
than in the urines of normal animals. 

Since C™ was found in expired air of normal control rats, their urines 
were examined for CO, and urea-C™ in a closed system under conditions 
which gave quantitative recovery of CO2 from NasCO;; no C“Oz could be 
detected. After incubation of another aliquot of urine with urease, C0, 
was found only in the urines which had been collected during the first 24 
hour period. The values were 0.45, 0.04, and 0.17 per cent of the radio- 
active carbon which had been given intragastrically. 


DISCUSSION 


After the intragastric administration of radioactive progesterone, the 
metabolites are excreted more rapidly than after intramuscular injection. 
This is probably due to two factors: (a) more rapid absorption from the 
intestines than from the intramuscular site, and (b) more effective presen- 
tation to the metabolic functions of the liver by the portal blood than by 
the general systemic circulation. The more rapid elimination (42 per cent) 
in bile during the first 24 hours after administration than in Grady’s experi- 
‘ments (27 per cent) is consonant with both factors. Moreover, Sommer- 
ville and Marrian (11) have reported that pregnanediol is excreted in the 
urine of men more rapidly after oral administration than after intramus- 
cular injection. That the liver plays an important réle in the metabolism 
of progesterone has been shown by a number of investigators (12-17). 
However, until it has been shown that progesterone is absorbed unchanged 
from the gastrointestinal tract, it is impossible to evaluate completely the 
role of the liver in the relative inactivity of progesterone by oral adminis- 
tration. 


SUMMARY 


1. After intragastric administration of progesterone-21-C™ to normal 
rats, approximately 15 per cent of the administered radioactivity was elimi- 
nated in the expired air, 30 per cent in the urine, and 55 per cent in the 
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feces. In animals with cannulated bile ducts, the bile served as the major 
route of excretion, while, in animals with ligated bile ducts, the kidney 
assumed this function. 

2. Metabolites of progesterone were excreted more rapidly after intra- 
gastric than after intramuscular administration, which might explain, in 
part, the relative inactivity of orally administered progesterone. 

3. The appearance of C“ in expired air and in urinary urea indicates that 
oxidative scission of the side chain of progesterone-21-C™ occurred, with 
subsequent fixation of carbon dioxide. 


The authors wish to express their appreciation to Dr. H. J. Grady for 
the preparation of the radioactive progesterone used in this work. 
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CORRELATION OF BOND BREAKING WITH ENZYME 
SPECIFICITY. CLEAVAGE POINT OF INVERTASE* 


By D. E. KOSHLAND, Jr., ano SYLVIA S. STEIN 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, September 17, 1953) 
I is 


One of the fundamental facts in the elucidation of an enzymatic reaction 
mechanism is the point at which bond breaking and bond formation occur. 
In many cases this is obvious from the nature of the products, but, when 
hydroxylic reagents react with compounds having an oxygen bridge, the 
same products can be formed by either of two reaction paths (Equation 1). 

Various methods are available for ascertaining the point of cleavage in 
these cases. O'8-labeled substrates (1-4), a sulfur analogue (5), and the 
inversion at an asymmetric carbon atom (6, 7) have all been used. Al- 
though each enzymatic reaction can be studied individually, it is desirable 


0Q 
ne 7s . 
ROQ+ i RYOR+Q0H (1) 
sr A 


0 
R’ 


from both a practical and a theoretical viewpoint to have some general 
rules for the prediction of the cleavage points. By assuming that the en- 
zymatic reactions in question proceed by displacement mechanisms (8), 
the following generalization can be derived: If the enzyme shows high 
specificity for the group R of the ROQ substrate and low specificity for the 
group Q, cleavage of the R—O bond occurs in the enzymatic reaction. 

A test of this hypothesis can be made by the invertase-catalyzed hy- 
drolysis of sucrose. This enzyme is known to catalyze the hydrolysis of 
the 6-fructofuranosides, sucrose (9), raffinose (10), verbascose (11), methyl 
fructofuranoside (12), and benzyl fructofuranoside (13), but does not act 
on a-fructofuranosides (13), fructopyranosides (14), or 3-substituted 8-fruc- 
tofuranosides (15). The theory, therefore, predicts that invertase should 
catalyze splitting between the fructose carbon and the bridge oxygen 
(Equation 2, a) rather than between the glucose carbon and the bridge 
oxygen (Equation 2, b). The cleavage point was ascertained by perform- 


*A preliminary report of this work has been published (Federation Proc., 12, 233 
(1953)). Research carried out at Brookhaven National Laboratory under the aus- 
pices of the United States Atomic Energy Commission. 
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ing the enzymatic reaction in O"-labeled water and determining the 0 
content of the glucose produced. 


(a) 
GI—-OH + HO%—Fr 
GI—O—Fr + H.0" ym (9 
Gl—O“H + HO—Fr 
EXPERIMENTAL 


Preparation of Glucose-1-O"* 


Anhydrous glucose (3.715 gm.) was dissolved in 5.0 ml. of H,O", sealed 
in a test-tube, and heated for 3 hours at 100°. The water was then re. 
moved by vacuum distillation from the cold solution. The remaining gl. 
cose was recrystallized from alcohol, and then dried over phosphorus 
pentoxide under vacuum at 100° for 5 hours (m.p. 147°). Aliquots (05 
to 1.0 ml.) of the initial water before addition of glucose and the final 
water after distillation following the exchange were equilibrated for 2 days 
at room temperature with known amounts of Matheson “‘bone-dry”’ carbon 
dioxide. The carbon dioxide was then separated and analyzed for 0" ina 
Nier type mass spectrometer. A second preparation of glucose-1-O" was 
made by using 3.651 gm. of glucose and heating for 2 hours. The final pH 
values after heating in the first and second experiments were 5.2 and 6,0, 
respectively. 

The O08 content of the glucose can be checked by the isotopic ratios in 
the water before and after exchange and the relative amounts of glucose 
and water. From the indicated rates of exchange of aldehydes and alcohols 
(16) and previous studies of the kinetics of the glucose-H.O exchange (17) 

_the conditions used should result in the exchange of only the hydroxyl on 

the anomeric carbon atom. By assuming complete equilibration of one 
and only one hydroxyl with the water of the medium and by using the 
moles of glucose, moles of water, and atom per cent excess of the water 
initially added, the atom per cent excess of the water present after equilibra- 
tion could be calculated. Comparing this calculated value with the ob- 
served (Table I) shows a very good agreement, and the compound isolated 
was, therefore, glucose-1-O". 


Analysis of O8 Content of C-1 Hydroxyl of Glucose 


A weighed amount of anhydrous glucose was mixed with approximately 
twice as many moles of pure recrystallized p-phenylenediamine and placed 
in the pyrolysis tube A in Fig. 1. After evacuation and admission of 4 
known amount of carbon dioxide in tube B, the side arm A was heated in 
an oil bath to about 140° in about 15 minutes. During this heating, which 
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resulted in the evolution of water from the glucose, the stop-cock separat- 
ing tubes A and B was kept closed. After cooling and solidification of the 
glucose-phenylenediamine melt, the water formed in the reaction was con- 
densed in the equilibration chamber B together with the carbon dioxide. 
After standing for 2 days at room temperature to allow complete exchange 
of O'8 between CO, and H,O (cf. Equation 3), the carbon dioxide was dis- 


TaBLe I 
Preparation of Glucose-1-O" 


l | | 





Final atom per cent 











| Initial atom per | excess of water 
Hrs. at 100° Glucose H,O | cent excess of 
water ] 
Calculated | Observed 
. SS moles via) moles | 
2 0.0206 0.278 1.344 | 1.250 1.262 
3 0.0203 0.278 1.344 | 1.253 1.247 











Fra. 1 


tilled and analyzed in the mass spectrometer. The side arm A was weighed 
both before and after pyrolysis to determine the loss of water. 


CO: + H,0"* s CO"“O + H.0 (3) 
Hydrolysis with Invertase 


In a typical experiment 1.174 gm. of sucrose were dissolved in 35 ml. of 
H,0" and adjusted to pH 4.35 with acetic-acid. Purified invertase (6.0 
mg. of melibiase-free invertase, Wallerstein Laboratories) was then dis- 
solved in 15 ml. of H,O"* and the two solutions were mixed. After 1 hour 
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at 37°, aliquots (1.0 ml.) of the medium were removed for O" and reducing 
sugar analyses. Complete hydrolysis had occurred. The water was then 
distilled in vacuo from the cold solution. The remaining syrup was treated 
with pyridine from which the 6-glucose-pyridine complex (18) could be 
obtained in crystalline form. This was converted to crystalline anhydroys 
pyridine-free glucose by heating in vacuo at 100° for 3 hours over concep. 


trated sulfuric acid. The glucose was then analyzed with phenylened. | 


amine as described above. 

Control runs were performed in an identical fashion except that glucose 
and fructose were added to the H.O" instead of sucrose. 

To test for possible glucosidase activity and check the fructofuranosidase 
activity of the enzyme, the invertase was incubated with sucrose, raffinose. 
melezitose, and a-methyl glucoside at the same pH and temperature as in 
the H,O" runs. In 30 minutes the extent of hydrolysis of the following 
substrates was for sucrose, 100 per cent; raffinose, 94 per cent; melezitose, 
less than 0.5 per cent; a-methyl glucoside, less than 0.5 per cent. The 
enzyme preparation was, therefore, a fructofuranosidase essentially free of 
a-glucosidase activity. 


Results 
Phenylenediamine Method for Analyzing O Content of Glucose 


In theory a simple method for the analysis of the C-1 hydroxyl group of 
glucose would be the reaction with an amine as indicated in Equation 4 


Glucose + RNH: — glucosyI—NHR + H,0O (4 


It would be most desirable if the reaction proceeded quantitatively witha 
non-volatile amine in the absence of solvent. A less desirable but an 
- acceptable situation would be a reproducible reaction which, although not 
100 per cent complete or entirely devoid of side reactions, would allow the 
calculation of the O" content of the glucose within reasonable limits o 
accuracy. The latter situation holds in the phenylenediamine method as 
applied to glucose. As shown in Table II, a non-volatile amine, p-phenyl- 
enediamine, was found to react with glucose in the absence of solvent, but 
the hydroxyl at the anomeric carbon atom was only partially removed and 
side reactions occurred. 

In the first place, more than 1 water molecule per mole of glucose was 
evolved. This was caused by reaction of phenylenediamine with glucose. 
as insignificant loss in weight was observed on heating either glucose o 
phenylenediamine alone under the same conditions. The extra oxygel 
would, therefore, come from unlabeled positions in the glucose molecule 
and would dilute the oxygen coming from the anomeric carbon. This 
dilution can be calculated from the moles of H.O evolved as determined 
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from the loss in weight (w), the moles of glucose (h), the known atom per 
cent excess of the C-1 hydroxyl (r), and the observed atom per cent excess 
of the water obtained on pyrolyzing the glucose-1-O" (G@). The number 
of the C-1 hydroxyl atoms liberated per mole of glucose can then be calcu- 
lated as shown in Equation 5; these values are given in the last column of 
Table II. 


GX w 
xh 





% yield of C-1 hydroxy] = xX 100 (5) 

It is seen that this value is between 83 and 88 per cent for all analyses 
of glucose in which more than 1.7 moles of water were liberated per mole of 
glucose and in which at least 1 mm of glucose was used. When smaller 














TaB_e IT 
Analysis of Glucose-1-O'8 by Phenylenediamine Method 
ee es ee ee 

mM moles 

2.03 1.48 0.679 80.7 
1.73 1.74 0.613 84.8 
1.96 2.04 0.509 83.5 
1.0 2.25 0.467 83.2 
2.0 2.36 0.447 83.8 
1.87 2.48 0.432 85.8 
0.40 2.35 0.468 88.3 
0.57 1.38 0.613 67.1 
0.53 1.57 0.557 69.2 





amounts of glucose (0.5 mm) were used and less water was driven off (1.38 
and 1.57), the value fell in some cases to 67 to 69 per cent. When the 
amount of water evolved per mole of glucose was increased, however, the 
yield of H.O from the C-1 hydroxyl increased to 88 per cent, even with 0.4 
mM of glucose. If care is taken to use the conditions which give 83 to 88 
per cent H.O from the C-1 hydroxyl, then the phenylenediamine method 
provides a reproducible, fairly accurate assay, and it was, therefore, satis- 
factory for the purpose of these experiments and similar ones. It would 
seem that this might in general be a useful assay method for carbonyl 
compounds without other easily removable oxygen atoms. 


Invertase-Catalyzed Hydrolysis of Sucrose 


The results of the hydrolysis of sucrose catalyzed by invertase in H,O" 
are shown in Table III. Also shown in the table is a control run in which 
equal amounts of glucose and fructose were added to the enzyme in H,O"* 
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to determine the extent of exchange occurring during the experiment. 
The amount of O"* in the C-1 hydroxyl (r) was calculated from Equation 
5 by using the indicated values for moles of H,O per mole of glucose (w/h), 
the observed atom per cent excess of water from the glucose assay (@) 
and the observation, derived from Table II, that the per cent yield of the 
C-1 hydroxyl is about 85 per cent. 

The O* contents of the medium water and the water produced by the 
phenylenediamine method were calculated from the 46:44 ratios of the 
carbon dioxide by using a formula of the type derived by Dostrovsky and 
Klein (19). Since alternate values of tank CO, and sample CO, were ru 
and each O* assay was made in triplicate, differences in the isotopic 46:44 
mass ratio of more than 1.0 per cent of natural abundance (0.002 atom 


TaB.e III 
O'8 Content of Glucose after Hydrolysis of Sucrose in H2O'® Catalyzed by Invertase 
pH 4.36. 





Observed atom per cent 


excess O'8 
; Calculated 0# 
Experi- Ne ee ee H,0 evolved per) atom per cent 
ment No. H:0 produced by | mole glucose | excess of C-1 
| Medium snction of glucose hydroxyl 
| phenylenediamine 
moles a 
1 Sucrose 1.41 0.0378 1.76 0.08 
2 a 1.42 0.0587 1.89 0.13 
3 1.42 0.0542 1.58 0.10 
4 Glucose and fructose 1.42 3 


0.0323 


3.28 0.13 





-per cent) were readily determined. The tank carbon dioxide (Matheson 
‘‘bone-dry”’) had the isotopic abundance of carbon dioxide in equilibrium 
with ordinary water. 

The small amount of O" in the glucose shows clearly that the cleavage 
occurs predominantly between the C-1 carbon of the fructose and the 
bridge oxygen (Equation 2, a). This O" is apparently not the result of an 
alternate pathway in the hydrolysis, as the control experiment in which 
glucose and fructose were incubated with enzyme in the absence of sucrose 
showed approximately the same amount of 0" in the glucose. The pos- 
sibility that this O' was caused by fructose impurity was eliminated by 
the sharp melting of the product which agreed with values given in the 
literature and with pure samples of glucose. The O" in the glucose is, 
therefore, probably caused by a relatively small exchange reaction with 
the H,O" of the medium which occurs during the enzymatic incubation 
and subsequent distillation. It is to be noted that no loss of O'* from the 
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glucose could have occurred after hydrolysis, since the glucose was treated 
only with the non-oxygen-containing solvent, pyridine. 


DISCUSSION 


The reactions catalyzed by invertase and the other enzymes considered 
here all fall in the category of ‘enzymatic substitution reactions” (8) in 
which a group X in the substrate B-X is replaced by a group Y of the second 
substrate. If it is assumed that these enzymatic reactions proceed by dis- 
placement mechanisms (3, 4, 8, 20), the cleavage point can be predicted 
for those enzymes which exhibit a high specificity for one group of the 
substrate, ROQ, and low specificity for the other. The reasoning is illus- 
trated below by the example of a 8-fructofuranosidase. 

In this case the enzyme hydrolyzes the substrate, ROQ, only as long as 
the R group is the 6-fructofuranoside ring. The Q group, however, can 
be any of a large number of structures such as methyl or benzyl or glucosy]. 
If the reaction occurs by a displacement mechanism, it may not be possible 
to determine exactly what the initial nucleophilic displacing agent is (8), 
but it is clear that the displacement occurs on R in the case of R—O cleav- 
age and on Q in the case of Q—O cleavage. R—O cleavage will then 
always involve a displacement on the carbon of the fructofuranoside ring 
by the displacing agent D: as shown in Equation 6. Presumably some 
electrophilic group such as a proton will attach to the oxygen and aid in 
weakening the C—OQ bond. In this case the variation in the structure 
of Q will influence somewhat the fit of the substrate ROQ to the enzyme 
surface and perhaps the electrical properties at the COQ bonds but will 
require no fundamental changes in the mechanism of the R—O cleavage. 


a0 CH,OH CHO 
D: + k YP Di yet k > +a @) 
a 
CH,OH D 


Q—0 cleavage, on the other hand, would require that the displacement 
by D: occur in one ¢ase on a methyl carbon, in the next on an acetal carbon, 
and in the third on the carbon on an aromatic ring. These are reactions 
which proceed in aqueous solution by different mechanisms and require 
different catalytic conditions. It seems hardly likely, therefore, that an 
enzyme which depends for its powerful activity on the precise geometry 
of its catalytic groups could tolerate such changes at the site of the bond 
cleavage. It is certainly far more reasonable to expect the displacement 
on the side on which the structure remains essentially constant on going 
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that cleavage will occur between the bridge oxygen and the group having } 
high specificity requirements. 

In addition to invertase, which is here shown to obey this rule, alkaline 
phosphatase catalyzes reactions the stoichiometry of which is described by 
Equation 1, its substrates show the specificity requirements which fit thes 
conditions, and it catalyzes cleavage on the side of high specificity, Ip 
this case, the R group is O;P, since the enzyme hydrolyzes only mono. 
phosphate esters. The Q group may be benzyl, phenyl, methyl, glucosyl, 
etc., and O* data (1, 3) establish that P—O cleavage occurs. Acid phos. 
phatase falls in the same category and P—O cleavage has also been shown 
(1) for this enzyme. Trypsin and chymotrypsin both have esterase ae. 
tivity (21) and as esterases their stoichiometry conforms to that of Equa- 
tion 1. The nitrogen analogues, which are the natural substrates in this 
case, indicate that cleavage again occurs on the side of high specificity 
requirements. 

The generalization is, therefore, supported by a reasonable theoretical 
interpretation and direct experimental evidence. In assessing the reliabil- 
ity of these arguments two main questions remain to be considered: (a) 
whether the evidence is sufficient to allow the prediction of other enzy- 
matic reactions, and (b) whether the mechanism is unique and, hence, the 
enzymatic evidence can be considered as support for the theory. On the 
first point, it is clear that the number of enzymes on which enough informs- 
tion is available to furnish tests is still limited. Nevertheless, it is worth 
emphasizing that the aforementioned examples supporting the rule repre- 
sent three rather widely varied enzyme types, i.e. the glycosidases, the 
phosphatases, and the peptidases. Moreover, no example is known in the 
literature which is not consistent with it. For these reasons and the fact 
_ that there is at least one consistent theoretical explanation, the generaliza- 
tion may be accepted with considerable confidence. It is then possible to 
predict the cleavage points of a number of enzymes, e.g. maltase, -gluco- 
sidase, 8-glucuronidase, a-galactosidase, and 6-galactosidase, the substrate 
requirements of which show that they are in the category covered by the 
rule. 

On the second point, the number of possible alternatives considered in 
any mechanism study will be essentially unlimited unless certain assump- 
tions are made. In this study, the first of these assumptions is that the 
enzymatic hydrolyses proceed by mechanisms which are known to occur it 
analogous chemical reactions. While this might ultimately prove to be in- 
correct, it would seem to be the only way at present to limit the number of 
alternatives and to provide a detailed description of the enzymatic action. 
Moreover, the observation in the case of invertase that the glucose-oxygen 
bond is not broken is in itself evidence that only a single bond in the sub- 
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strate is ruptured, in direct analogy to the non-enzymatic behavior. The 
second basic assumption is that a very precise orientation of the catalytic 
groups involved directly in the bond breaking is essential to the enzyme 
action. Since it is clear that some variation is allowable, this assumption 
essentially states that in this case the boundary has been drawn at the 
change which would be required for a displacement on a methyl as com- 
pared to an acetal or phenyl group. With these assumptions it is logical 
to conclude that the enzymatic reactions proceed by displacement mecha- 
nisms and that the detailed features will be as described above. Within 
these limitations, therefore, evidence supporting the generalization can be 
considered as support for the underlying theory used in deducing it. 

In some cases the permissible changes of structure at one side of the 
oxygen bridge, e.g. Q, are greater than at the other, but are still very 
limited or only apply to groups which are many bonds from the oxygen 
bridge atom involved in the splitting, and in these cases this rule would 
not necessarily apply. 

Since invertase has been shown to have transfructosidase activity (22) 
and 6-glucosidase and a-glucosidase preparations have transglucosidase 
activity (23, 24), the observed cleavage point of invertase and the pre- 
dicted cleavage points of the glucosidases are evidence that the trans- 
glycosidases catalyze a transfer in which bond cleavage occurs between the 
bridge oxygen and the carbon of the group being transferred. These same 
cleavage points for the transglycosidases are also indicated by other con- 
siderations (8), and, hence, it appears very probable that the mode of 
action.of these enzymes involves a displacement at the carbon atom of the 
group being transferred. 


SUMMARY 


1. Sucrose was hydrolyzed in O"-labeled water in the presence of in- 
vertase. Analysis of the glucose produced showed that fructose-oxygen 
splitting had occurred as a result of the enzymatic action. 

2. A generalization concerning the point of cleavage of oxygen bridge 
compounds in enzymatic reactions has been deduced by assuming that 
these reactions proceed by displacement mechanisms. It can be stated 
as follows: If the enzyme requirements for a substrate, having an oxygen 
bridge, i.e. R—O—Q, show high specificity for R and low specificity for 
Q, then R—O cleavage occurs in the enzymatic reaction. 

3. In addition to invertase, alkaline phosphatase, acid phosphatase, 
trypsin, and chymotrypsin are consistent with this generalization, and it 
is possible to predict the cleavage point of a rumber of enzymes the action 
of which has not been ascertained directly. 

4. The cleavage point of invertase also adds evidence that the trans- 
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glycosidases cause cleavage between the bridge oxygen and the carbon of 
the group being transferred. 


5. Glucose-1-0"8 was prepared and a method of analysis for the 0" cop. | 


tent of the C-1 hydroxyl group of glucose was developed. 
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PARTIAL PURIFICATION OF FRUCTOSE-1 ,6-DIPHOSPHATASE* 


By BURTON M. POGELL{ anp R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, November 3, 1953) 


In 1943, Gomori reported the existence in mammalian liver and kid- 
ney of an enzyme which specifically hydrolyzes one of the ester bonds of 
FDP'(1). This enzyme, by presumably causing the formation of fructose- 
§-phosphate, may be an important link in the production of glucose from 
pyruvate. We have previously described an activation of this enzyme by 
proteolytic enzymes (2), and in this communication details are given of a 
procedure for obtaining it in a state of purity beyond that reported by 
Gomori. In considering the purification procedures reported both by us 
and by Gomori, the increased total activity caused by autolysis must be 
remembered. This increase causes the specific activity of the enzyme 
preparations to rise more than does the actual purification in the accepted 
sense of the degree of removal of contaminating proteins. 

Purification without Autolysis—A typical preparation was made accord- 
ing to the following procedure: The livers from three exsanguinated rabbits 
were homogenized in a Waring blendor for 2 minutes with 4 ml. of 0.05 m 
sodium lactate buffer, pH 3.5, per gm. of tissue. The homogenate was 
centrifuged for 30 minutes at 1000 X g. The supernatant fluid was then 
heated with constant stirring in a flask immersed in a water bath at 70—80° 
until its temperature rose to 64° and immediately cooled in an ice bath. 
After adjustment to pH 7.0 with 1 n NaOH, the precipitate was removed 
by centrifugation and discarded. 

Solid ammonium sulfate was added to the heated supernatant solution 
to raise its concentration to 2.28 mM, and the precipitate was discarded. 
The ammonium sulfate concentration was then raised to 2.67 m by the 
addition of a 3.89 m solution. After centrifugation, the precipitate was 
collected and dissolved in water. The supernatant fluid from this step 


* This investigation was supported by grant No. RG-2594 from the National In- 
stitutes of Health, United States Public Health Service. 

t Predoctoral Fellow of the National Cancer Institute, National Institutes of 
Health, during the course of this investigation. Present address, Chemistry Sec- 
tion, Fourth Army Area Medical Laboratory, Brooke Army Medical Center, Fort 
Sam Houston, Texas. , 

‘The following abbreviations are employed: FDP for p-fructose-1,6-diphos- 
phate, FIP for p-fructose-1-phosphate, F6P for p-fructose-6-phosphate, G1P for 
D-glucose-1-phosphate, and G6P for p-glucose-6-phosphate. 
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was raised to a concentration of 2.84 m ammonium sulfate by addition of } 
3.89 m solution, and the second precipitate was collected and dissolved jp 
water. The course of the purification in this and a somewhat similar ex. 
periment, in which the heating was less effective, is shown in Table I. 

The losses upon heating are presumed to be due to adsorption, for the 
enzyme may be heated to 70°, outside bath temperature of 100°, with only 
small loss (Fig. 1). Such losses are also seen in the centrifugation after 
autolysis, described in the next section, when heat denaturation is not 
employed. 


~ 


TABLE I 
Purification without A utolysis 


In Experiment 1, the recovery of the activity present in the heated supernatant 
solution is given. In Experiment 2, the recovery is based on the amount of enzyme 
in the original homogenate. 




















Experiment No. Fraction Specific activity Recovery 
ag flee per cent 
1 Lactate supernatant 2.37 

Heated 5.04 100 

2.28 m to 2.67 M ammonium sulfate 25.5 21 

oa” “ome - - 33.4 60 

2 Homogenate 1.31 100 

Lactate supernatant 2.37 69 

Heated ” 3.52 35 

2.57 mM to 2.76 M ammonium sulfate 15.9 25 

ase “3m “ 25 16.3 5 





It has been noted previously (2) that these ammonium sulfate fractions 
are also activated by proteolysis, and no change because of the fractiona- 
tion has been detected in the ratio of the activity before and after protedl- 
ysis. 

Purification with Autolysis—The lactate supernatant solution was pre- 
pared as described in the preceding section and was incubated in a bath 
at 38° for 8 hours after reaching temperature equilibrium. The mixture 
was cooled to 4° in an ice bath and adjusted to pH 7.0 with 1 n NaOH. 
The insoluble material removed by centrifugation for 1 hour at 2500 X 9 
was discarded. After bringing the ammonium sulfate concentration first 
to 2.28 m with the solid salt, and then to 2.76 m with addition of a 3.89 u 
solution, the resultant precipitate was discarded. The enzyme was pre- 
cipitated from the solution by the addition of 3.89 M ammonium sulfate to 
raise the concentration to 2.84 Mm. 

The precipitated enzyme was diluted with a known volume of water to 
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a protein concentration of 4.3 mg. per ml., and a slight amount of insoluble 
material was removed by centrifugation at 18,000 X g. Two runs of 30 
minutes each were required. The solution was adjusted to pH 7.0 and 
the ammonium sulfate concentration was raised successively to 1.90 m and 
2.48 m by addition of solid salt and the 3.89 m solution, respectively. After 
discarding the precipitate, the enzyme was collected by raising the am- 
monium sulfate concentration to 2.76 m with addition of the 3.89 m solu- 
tion and then centrifuging. Upon dissolving the enzyme in water, a prepa- 
ration was obtained which retained half of its activity after 15 months 
storage in the frozen state. 
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TEMPERATURE 
Fic. 1. Heat stability of fructosediphosphatase. A sample of dialyzed lactate 
extract adjusted to pH 4.6 was heated in a water bath at 100°. As the temperature 
of the sample rose, aliquots were removed and assayed for the enzyme. 


Further purification, at the expense of stability, can be made by alumina 
adsorption. In a typical experiment, the solution was adjusted to a con- 
centration of 5 mg. of protein per ml. with water and to pH 4.0 with 1 n 
lactic acid. A suspension containing a weight of aged Cy alumina (3) 
equal to the amount of protein was added. The gel was collected by 
centrifugation and washed successively at the centrifuge with 0.005 m so- 
dium lactate, pH 4.1, and 0.1 m sodium borate, pH 8.5, in volumes equal 
to the volume of the protein solution before addition of the alumina sus- 
pension. The activity was eluted from the gel by three consecutive ex- 
tractions at the centrifuge with 0.1 m sodium borate, pH 9.25, the volume 
of buffer used for each extraction being 0.35 the volume of the protein 
solution before adsorption. The resultant eluate had over 300 times the 
specific activity of the original homogenate and produced inorganic phos- 
phate from FDP at the rate of 713 moles per 100,000 gm. of protein per 
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minute. No further purification has yet been achieved. An outline of 
two preparations is presented in Table II. In some experiments it wag 
found necessary to raise the ammonium sulfate concentration to 3.00 m in 
both the first and second fractionations to achieve complete precipitation 
of the enzyme, but without lowering the degree of purification obtained, 
Differing degrees of autolysis may account for this effect. 

Properties of Enzyme—The pH optimum of 9.5 and the requirement for 
magnesium ion reported by Gomori were confirmed. The pH stability 
was tested with the first ammonium sulfate fraction from an autolyzed ex. 
tract, and over 50 per cent of the activity remained after incubating the 
enzyme for 2 hours at 38° in the absence of substrate and activating ions 


TaBLe II 
Purification with A utolysis 


The recovery values are based on the total enzyme present after autolysis. These 
experiments were performed with six to eight rabbit livers. 

















~— Pct | Sets | ly | mean 
| Ping ha units per cent 
1 |  Homogenate | 1.27 | 92,000 

| Autolyzed extract | 22.6 93 ,000 100 

| lst ammonium sulfate fraction | 96 58 , 000 62 

| 2nd - ss a | 109 26, 100 28 

2 Autolyzed extract | 122,400 100 

lst ammonium sulfate fraction | 60.4 56, 100 46 

2nd = - ' 109 39 ,600 32 

Alumina eluate 402 16,800 14 





within the pH range of 4 to9. The stability rapidly decreased above pH 9. 
The use of barbital, serine, or borate buffers in the assay produced equiva- 
lent values. Ammonium sulfate gave a slight stimulation at concentra- 
tions up to 0.2 m and became increasingly inhibitory at higher levels. All 
assays were conducted at enzyme dilutions such that this concentration 
was not exceeded. 

With the crude enzyme, 0.0025 m Mg** was an excess. After partial 
purification, stimulation was also obtained by the addition of manganous 
ion or cysteine. The effect varied with the degree of purification, as shown 
in Table III. Precise data on the cysteine activation are not available 
because of a recent finding that cysteine affects the phosphate analysis 
employed. However, a definite increase in activation by cysteine occurs 
as purification proceeds. 

In other experiments with enzyme preparations at the same stages of 
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purification, quite different interactions were occasionally observed. The 
results are not consistent with the existence of two enzymes, one activated 
by Mg** and the ot her by Mn*-, for the separate activities are not additive 
when both ions are added. The nature of this dual activation is at present 
unresolved. The practical importance of these findings arises from the 
necessity of adding Mn** and cysteine in order to account for the activity 


Tas.e III 
Effect of Manganous and Magnesium Ions 


All activities are expressed in terms of the activity when 0.005 m Mg** alone is 
added. 























Molarities : 

a a Enzyme fraction — 
Mg** | Mn** 

1 Ist ammonium sulfate fraction | 0.005 | 1.00 

0.005 | 0.0005 | 1.79 

0.005 | 0.001 1.79 

0.005 0.0015 1.79 

2 Ist ” ‘ig -" 0.005 1.00 

0.001 1.05 

0.0025 1.24 

| 0.005 0.001 1.51 

3 Alumina eluate 0.0005 0.00 

0.001 0.09 

0.0025 0.51 

0.005 1.00 

0.0005 0.92 

0.001 1.45 

0.0015 1.72 

0.0025 1.96 

0.0035 2.53 

0.004 0.0015 2.68 

| 0.004 =| 0.0025 2.58 

| 0.004 0.0035 2.53 








in assaying protein fractions. As a compromise, we have used 0.005 m 
Mg**, 0.0005 m Mn**, and 0.005 m cysteine for assays of all fractions be- 
yond the autolysis step, and with this precaution excellent recoveries can 
be demonstrated. 

Identity of Product—By using relatively large amounts of enzyme, hy- 
drolysis can be demonstrated to cease with the liberation as inorganic P 
of half of the total organic P of the substrate (Fig. 2). With substrate 
solutions prepared from barium salts purified by the procedure of Neuberg, 
Lustig, and Rothenberg (4), the extent of hydrolysis ranged from 0.47 to 
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0.49 of the total P, one substrate preparation giving a value of 0.506 | 


However, with a purified cyclohexylammonium salt of FDP (5), the Value 
was 0.501. These results indicate that the product should be either Fip 
or F6P. Simple tests for the lability of the product upon 15 minutes 
exposure to 1 N HCl at 100° should distinguish these compounds; the 


literature values indicate 92.4 and 13.0 per cent for the degree of hydrolysis | 
of the 1-phosphate (6) and the 6-phosphate (7), respectively, under thes / 


conditions. 

When the reaction mixture obtained after completion of the enzymatie 
hydrolysis is tested, the results are occasionally quite anomalous. With 
one series, for example, use of the crude lactate extract as the enzyme re. 
sulted in a product of which 13.7 per cent of the organic P was acid-labile 
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Fic. 2. Exhaustive hydrolysis by fructosediphosphatase. Each ml. of medium 
contained 4.40 um of FDP and 0.4 ml. of a dialyzed, heated lactate extract. 


. under the above conditions. The second ammonium sulfate fraction and 
the alumina eluate obtained from this extract resulted in values of 161 
and 24.8 per cent, respectively. With varying enzyme and substrate 
preparations, the values ranged from 21.5 to 32.3 per cent. A part of this 
extra lability might be caused by acid-labile impurities in the substrate. 
However, in one case with an alumina eluate as the enzyme and the purified 
cyclohexylammonium FDP as the substrate source, a value of 58 per cent 
acid-labile P was obtained.” 


The principal activity of the enzyme in the crude preparations is appar- | 


ently one of cleaving the 1-phosphate from FDP to yield F6P. This is 
supported by data on the specificity of the enzyme, confirming and extend- 


? This is not due to the substrate, per se, for L. C. Mokrasch has found in this 
laboratory that one preparation of the phosphatase gave a product with 13 to l4 
per cent labile P from the cyclohexylammonium salt at all stages of enzyme purifica- 
tion. He has also shown that this value is constant whether Mg**+, Mn**, or various 
combinations of these activators with and without cysteine are employed. 
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ing those of Roche and Bouchilloux (8). With an enzyme preparation 
purified by autolysis and two ammonium sulfate fractionations, the rate 
of hydrolysis, compared to that with FDP as 100, was 0.9 with F1P and 
0.0 with F6P, G1P, G6P, L-sorbose-1-phasphate, and p-3-phosphoglycerate. 
Dr. Henry Lardy kindly made available impure samples rich in L-sorbose- 
|,6-diphosphate and in p-glucose-1 ,6-diphosphate, for which the respec- 
tive rates were 2.9 and 0.0. In the case of the L-sorbose derivatives, the 
6-phosphate group would be structurally analogous to the 1-phosphate of 
the p-fructose derivatives. Recent investigations by Leuthardt, Testa, 
and Wolf (9) and Hers and Kusaka (10) also point to F6P as the major 
product of FDPase action. 

The above data make it less likely that an enzyme cleaving the 6-phos- 
phate group of FDP is occasionally concentrated. All tests for the exist- 
ence in the preparations of a phosphofructomutase have been negative. 
This is also in agreement with results reported by the above workers (9, 
10). Within the experimental error, which is too large in our hands for 
good balance studies, the Roe method for fructose (11) reveals no disap- 
pearance of the fructose moiety. In fact, values for the fructose equiva- 
lence of the product are always higher than would be expected, whether the 
acid-labile P is high or low, and the cause of the occasionally high acid- 
labile P values remains unknown. 


EXPERIMENTAL 


Ammonium Sulfate Fractionations—In making ammonium sulfate frac- 
tionations, concentrations were calculated with the aid of data from the 
International Critical Tables for solutions at 0°, a saturated solution being 
41.4 per cent ammonium sulfate, 3.89 m, with a specific gravity of 1.243. 
For ease in reproducing the calculations, the following instructions may 
be used. The data are recalculated to give molarity (M), the ml. of water 
(W) per liter of solution, and the gm. of ammonium sulfate (@) dissolved 
in a liter of water for each concentration. G and W are plotted as a func- 
tion of M. Several useful relationships are then simply derived, as il- 
lustrated. 

To find the amount of solid ammonium sulfate to raise a liter of solution 
from M, to M2, find G; at Mi, G. at Mz, and W at M,;. The amount in gm. 
is 0.001 W(G, — G,). 

To find the volume (V) in ml. of an ammonium sulfate solution contain- 
ing A gm. of ammonium sulfate and B liters of water per liter necessary to 
add to raise 1 liter of another solution from M, to Mz, find W, G,, and G, 
as above. Then, 

W(G; — G,) 

" b= eS 


For saturated (3.89 m) ammonium sulfate at 0°, A = 514, B = 0.729. 


V 
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To find the concentration (M,) of a liter of solution at M,, to which 
V ml. of water have been added, find G; and W. Then, 
_ GW 
 V+W 





G, 


and M; can be read on the chart from G,. 

The use of molarity rather than ‘“‘per cent saturation” or even “‘per cent 
ammonium sulfate” has the advantage of a lack of the ambiguity sometimes 
seen in reports of salt fractionations. The above relations can be used with 
any salt for which concentration and specific gravity data are available. 

All purification procedures were conducted with materials at 0-4° unless 
otherwise stated. Redistilled water was employed for all solutions to 
which the enzyme was exposed. 

Substrales—All substrates were converted to solutions of the sodium salt 
for use. Commerical dibarium FDP samples (Bischoff) were purified by 
conversion to the acid barium salt (4) for most of the experiments. Later 
purifications were made via the cyclohexylammonium salt (5). Barium 
F1P was prepared synthetically (12). Barium F6P was prepared from 
FDP by partial hydrolysis (4). Potassium G1P and barium 3-phospho- 
glycerate were recrystallized commercial (Schwarz) preparations. Barium 
G6P was prepared enzymatically. Synthetic barium L-sorbose-1-phos- 
phate was generously provided by Dr. Henry Lardy. 

Analytical Methods—Inorganic phosphate was determined by the method 


3 The method is essentially that of Colowick and Sutherland (16), except that 
the phosphoglucomutase is purified according to Najjar (17) through the second 
heating step to eliminate phosphoglucoisomerase. At this stage, an amount of the 
enzyme which converted 67, 92, 94, and 95 per cent of GIP to G6P in 15, 30, 60, and 
120 minutes, respectively, gave values, by the Roe method, of 0.2, 0.3, 0.4, and 0.5 
‘per cent conversion of F6P at the same times. The purified enzyme requires a 
metal-binding agent, and serum albumin, employed by Jagannathan and Luck (18), 
can be removed in the later protein precipitation. A satisfactory medium contains 
1 gm. of bovine plasma Fraction V (Armour) per 300 ml. of a solution which is 0.05 
M to recrystallized potassium G1P and 0.004 m to MgSO,. The enzyme from one 
rabbit is adequate to bring 500 ml. of the mixture to equilibrium in 1 hour at 30°. 
While the solution is nearly free of F6P, more of this compound is formed during 
later neutralization with barium hydroxide, which must be done slowly in the cold. 
The presence of mannose-6-phosphate in the product must also be inferred from this 
fact. With care, the isolated barium salt will contain less than 1 per cent F6P, which 
is less than that of any other preparation tested in this laboratory. Based on a 
molecular weight of 413.7 (monohydrate), each mole of the salt thus prepared con- 
tains less than 0.004 mole of inorganic P (usually less than 0.001) and contains 
0.99 to 1.01 moles of total P. While no tests have been made, laboratories seeded 
with Horecker’s crystalline barium G6P may not be suitable for use of this method. 
If the solution is seeded at the stage in which inorganic phosphate is removed as the 
barium salt, the product may form the slightly soluble crystalline phase and thus 
be lost. 
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of Lowry and Lopez (13). The protein content of crude fractions was 
taken to be 6.25 X the Kjeldahl nitrogen content, while in more pure prepa- 
rations it was estimated from the absorption in the ultraviolet by the 
formula, mg. of protein per ml. = 1.559 — 0.755269. This was derived 
from the data of Warburg and Christian (14) and is quite similar to an 
earlier derivation by Kalckar (15), unknown to us at the time. 

The enzymatic assay has been described previously (2), and all modi- 
fications are noted in the preceding sections. The activity of the phos- 
phatase is defined in terms of a standard enzyme unit, the amount of 
enzyme which will produce 1 um of inorganic phosphate in 1 hour at a 
constant rate. 


SUMMARY 


1. Methods for the purification of fructose-1 ,6-diphosphatase with and 
without autolysis are reported. A preparation with 300-fold greater spe- 
cific activity than that of the original tissue has been made. 

2. The initial product of the enzyme’s action appears to be fructose-6- 
phosphate, although some preparations give abnormally high acid-labile 
phosphate values. 

3. The action of metal activators and other properties of the enzyme 
are reported. 
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PHOTOMETRIC MICRODETERMINATION OF PLASMA 
FIBRINOGEN WITH A THROMBIN-NINHYDRIN 
PROCEDURE* 
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(From the Biochemistry Department of the Division of Laboratories, Jewish 
Sanitarium and Hospital for Chronic Diseases, Brooklyn, New York) 


(Received for publication, November 9, 1953) 


The complex processes involved in blood clotting can be divided into 
three separate stages (1). Of these, only the third stage, i.e. the conversion 
of fibrinogen into fibrin by the action of the enzyme, thrombin, for con- 
ditions as they exist in plasma, will be discussed in this paper. 

In recent years, methods for large scale protein fractionation of human 
plasma have been developed by Cohn, Edsall, and their associates (2-5). 
Their work has made available for systematic study, by both physical and 
chemical means, large amounts of purified proteins such as fibrinogen (Frac- 
tion I) and thrombin (Fraction III-2). 

It was because of the availability of these two protein fractions that 
Ferry and Morrison (6) and Morrison (7) undertook the first systematic 
study of the various factors which influence the yield of fibrin in this en- 
zymatic polymerization reaction (8). Factors studied by these investi- 
gators included the effect of variation of fibrinogen and thrombin concen- 
trations, pH, time, temperature, ionic strength, and the presence of other 
proteins as contaminants. 

Morrison’s paper (7) includes a survey of the various methods commonly 
employed for the quantitative determination of fibrinogen in plasma prior 
to 1946, together with the conclusion that “‘all are subject to certain er- 
rors. These errors may lead to measurements which are too low due to 
incomplete precipitation of the fibrinogen, or too high due to the occlusion 
[italic ours] of other plasma components.” A search of the literature sub- 
sequent to 1946 shows that an increasing number of investigators (9-12) 
are employing methods in which purified thrombin is used for the conver- 
sion of fibrinogen in plasma into fibrin. However, the techniques employed 
by them are not truly quantitative, because they failed to control the 
factors shown by the definitive studies of Ferry and Morrison (6) and 
Morrison (7) to influence the yield of fibrin. These findings have been 
subsequently confirmed by other investigators (13-17). 


* Part of the experimental work in this paper was performed under grant No. 
B-285 from the National Institute of Neurological Diseases and Blindness, United 
States Public Health Service, dealing with the general subject of ‘Protein studies in 
chronic diseases.” 


159 








160 MICRODETERMINATION OF FIBRINOGEN 


Although Edsall (18) has termed Morrison’s method (7) as “probably 
the best assay method for fibrinogen yet available, either in whole plasma 
or in plasma fractions,” the method has a number of serious drawbacks 
as a routine clinical procedure for plasma fibrinogen. Like most gravi- 
metric procedures, Morrison’s method is time-consuming and_ requires 
large amounts of blood for each determination. Because of the presence 
of antithrombin substances in blood plasma (19) and the large amounts 
of other proteins present, the optimal conditions found by Morrison for 
fibrin formation in concentrated fibrinogen solutions cannot be carried 
over, without modification, to the quantitative determination of fibrinogen 
in plasma in which fibrinogen constitutes only 4 per cent of the total pro- 
tein. 

The various factors reported by Morrison (7) to influence fibrin yield 
were reinvestigated by us for citrated plasma with his macrogravimetric 
procedure. On the basis of these findings a microphotometric procedure 
was developed which makes use of Morrison’s original techniques of clot- 
ting, syneresis, and washing of the “coarse” fibrin clots obtained from 
small aliquots of plasma, 7.e. 0.25 to 0.50 ml. The protein content of the 
clots was then determined by a ninhydrin colorimetric procedure, as pre- 
viously developed in this laboratory for the quantitative microdetermina- 
tion of y-globulin (20-22). 

Results obtained by the photometric procedure described for the quan- 
titative microdetermination of citrated plasma fibrinogen check with those 
by the macrogravimetric method of Morrison (7), and added fibrinogen 
solutions (Fraction I) are recovered, with an average error of +5 per cent, 
over a wide range of fibrinogen values. The experimental section also 
gives directions for the preparation of a new permanently stable (partially 
hydrolyzed) fibrinogen standard solution for use with the ninhydrin proce- 
dure, and a method is described for the determination of the ‘occlusion 
error” which permits the calculation of the ‘true’ fibrinogen value of 
plasma. It has been found with this procedure that ‘‘normal”’ plasma 
fibrinogen values, as determined with thrombin methods, have a positive 
error of about 20 per cent due to “‘occluded”’ proteins. 


EXPERIMENTAL 


Reagents and A pparatus— 

1. Phosphate buffer (pH 6.3) 0.15 uw. Dissolve 0.328 gm. of anhydrous 
NazHPO, and 1.385 gm. of KHePQ, in 500 ml. of solution in a volumetric 
flask. Check the pH to +0.05 unit with a pH meter. 

2. Thrombin, Parke, Davis. Dissolve the solid material in 0.9 per cent 
NaCl so that 1 ml. = 100 National Institute of Health units. This solu- 
tion was freshly prepared for each day’s run. 
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3. Sodium chloride, 0.9 per cent solution. 

4. Sodium hydroxide-sodium chloride. Dilute 20 ml. of 0.1 Nn NaOH 
to 100 ml. with 0.9 per cent NaCl solution. 

5. Bloor’s reagent. Add 3 volumes of absolute alcohol to 1 volume of 
anhydrous ethyl ether. 

6. Ninhydrin reagent. (a) Citrate buffer (pH 5.0), 0.2 m. Dissolve 
21.01 gm. of citric acid, reagent, and 200 ml. of 1 N NaOH in 500 ml. of 
solution in a volumetric flask. Add a few crystals of thymol as a preserva- 
tive. (b) Ethylene glycol monomethyl ether (methyl Cellosolve). Purify 
the commercial product by distilling under a vacuum. (c) Ninhydrin 
solution. Dissolve 67 mg. of anhydrous stannous chloride (flaked Stan- 
nochlor obtained from the Metal and Thermit Corporation, New York) in 
50 ml. of citrate buffer in a 100 ml. glass-stoppered graduated cylinder. 
Add to this solution 2.0 gm. of recrystallized ninhydrin and then 50 ml. of 
the monomethyl ether. Stopper and dissolve by shaking until all the 
solids are in solution. A play of colors occurs during solution, but the final 
reagent has a yellow color and is water-clear. If the solution remains 
turbid, it can usually be clarified by placing the graduate in warm water. 
A sufficient amount of this reagent is prepared for each day’s run, as it 
deteriorates on longer standing. 

7. Diluent solution. Mix equal volumes of water and n-propanol (re- 
agent grade). 

8. Anticoagulant. Acid-citrate-dextrose solution, Formula B, National 
Institutes of Health. Dissolve 1.7 gm. of glucose, 1.32 gm. of sodium 
citrate, and 0.48 gm. of citric acid in 100 ml. of solution. 

9. Fibrinogen, bovine, purified; obtained from the Warner-Chilcott Lab- 
oratories, New York. Approximately 85 per cent clottable protein. 

10. Cloth, untreated, lint-free; obtained from the Opticloth Lens Clean- 
ing Company, 145 West 27th Street, New York. The cloth is cut into 
pieces approximately 2 inches square for the micromethod and is boiled 
in water prior to use to remove any loading material and increase ab- 
sorbancy. The pieces can be used repeatedly, but should be boiled after 
each use. 

11. Spectrophotometer. Beckman model DU or other suitable instru- 
ment; a Klett-Summerson photoeletric colorimeter, with filter No. 56, was 
also used in some of these runs. 

12. Cuvettes, test-tube, selected. Select 125 mm. X 15 mm. outer di- 
ameter Pyrex test-tubes, without lip, to fit the Klett-Summerson colorim- 
eter. The tubes are then checked for light absorption characteristics in a 
manner similar to that described in the paper by Moore and Stein (23) 
and calibrated at 5.00 and 10.00 ml. 

13. Micro balance; Paul Bunge, Hamburg. Sensitivity, +0.001 mg. 
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14. Petri dishes with covers. The standard size dishes used in bacterio- 
logical work are carefully cleaned with a strong detergent before use. 


Macrogravimetric Method for Determination of Plasma Fibrinogen 
Modification of Morrison’s Procedure 


The procedure is essentially that described by Morrison (7) except for 
the higher concentration of thrombin and the use of an organic solvent, 
i.e. alcohol-ether, as a dehydrating reagent to facilitate drying to constant 
weight, as has been suggested by some investigators (24, 25). 

Pipette into a Petri dish 5.00 ml. of citrated plasma, 4 ml. of phosphate 
buffer, and 6 ml. of 0.9 per cent saline. Add, with shaking, 0.75 ml. of the 
thrombin solution. Allow the clot to stand at room temperature (23-26°) 
for 1 hour. Let the clot slide from the Petri dish onto the piece of lint-free 
cloth (4 inches square) which rests on several thicknesses of absorbent 
paper toweling. Allow the clot to exude fluid freely for about 15 minutes 
until it forms a flat, thin membrane. Wash the membrane twice with 
saline and then twice with distilled water. The washing is best accom- 
plished by covering the clot completely with the wash fluid and allowing it 
to soak through before adding the next portion of the wash fluid. When 
the washing is completed, lift the clot from the cloth with a clean, pointed 
glass rod, roll it into a compact mass, and drop it into a small Pyrex tube 
(100 X 13 mm. inner diameter) containing 3 to 4 ml. of Bloor’s reagent. 
Stopper the tube and let stand for 3 to 4 hours or preferably overnight. 
Aspirate the Bloor’s reagent and place the tube together with the clot in 
a hot air oven at 90-100° for 1 to 2 hours. Let the tube cool to room tem- 
perature, preferably in desiccator, and weigh the clot on a micro balance 
to the nearest 0.01 mg. 

In a few instances the protein content of the dried clots was determined 
by micro-Kjeldahl analysis. The results obtained checked closely with 
the gravimetric values. : 


Preparation of Stable (Hydrolyzed) Fibrinogen Standard for Use in 
Photometric Procedure 


From outdated blood bank blood! remove about 100 ml. of citrated 
plasma without disturbing the cells. Centrifuge at about 2000 r.p.m. to 
remove any sediment, transfer the clear, unhemolyzed plasma to an Erlen- 
meyer flask, and mix its contents well. Pipette fifteen 5.00 ml. aliquots 
into separate Petri dishes, and follow the rest of the procedure as described 
under the macroprocedure above except that ten of the clots are not dried 

1 This blood contained 4 volumes of whole blood diluted with 1 volume of acid- 


citrate-dextrose solution as an anticoagulant and therefore the calculation of the 
actual plasma fibrinogen must take into account the dilution factor, 7.¢., 5/4. 
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in Bloor’s reagent. Instead, the ten washed clots are removed from their 
cloths after the final washing and then dropped into 200 ml. of sodium 
hydroxide-sodium chloride solution in an Erlenmeyer flask. The clots 
are dissolved by gentle boiling for } hour with occasional stirring. The 
flask and contents are cooled to room temperature and diluted to the 
original volume with distilled water. The contents are then transferred 
quantitatively to a 250 ml. volumetric flask and diluted to mark with 
more sodium hydroxide-sodium chloride solution and mixed. 

The fibrinogen content of the solution may be assayed by drying and 
weighing the remaining five clots as previously described. Then the cal- 
culation is 


average weight of clot (mg.) X 10 
250 





Standard fibrinogen solution (mg. per ml.) = 


If a micro balance is not available, the protein content of each clot can be 
determined by micro-Kjeldahl analysis and the average value used. Al- 
though Morrison (7) recommends a conversion factor of 6.00, we have 
found that the usual protein conversion factor of 6.25 gives checks within 
+0.02 mg. per ml. of the gravimetric values. This partially hydrolyzed 
fibrinogen is used as the standard solution for the photometric micropro- 
cedure described below and remains stable indefinitely. The ninhydrin- 
colorimetric factor obtained with this standard solution varies but slightly 
on day to day runs. 


Photometric Method for Microdetermination of Plasma Fibrinogen 


Pipette into a test-tube (100 X 13 mm. outside diameter) 0.25 ml. (or 
0.50 ml.) aliquots of plasma in duplicate. Then add 0.50 ml. of phosphate 
buffer and sufficient 0.9 per cent NaCl solution to bring the total volume 
to2.0ml. Mix the contents of the tube while adding 0.1 ml. of the throm- 
bin solution. Allow the clot to form for 1 hour at room temperature. 
Loosen the clot from the sides of the tube by tapping, and let the clot slide 
onto the lint-free cloth which rests on absorbent paper toweling. Allow 
the clot to exude fluid and form a thin membrane which is washed twice 
with saline and distilled water in the manner described for the macropro- 
cedure. The cloth containing the clot is then floated in a Petri dish full 
of water, and the clot floated off by loosening the edges with a clean, 
pointed glass rod. The clot is rolled up on the glass rod and dropped into 
a calibrated colorimeter tube containing 1.5 ml. of the sodium hydroxide- 
sodium chloride solution. The clot is then dissolved with partial hydrolysis 
by placing the tube in a boiling water bath for } hour with occasional 
shaking. After cooling to room temperature, add 0.5 ml. of 0.9 per cent 
sodium chloride and 0.5 ml. of the ninhydrin reagent. The tube and con- 
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tents are again placed in the boiling water bath for } hour, with occasional 
shaking, to develop color. After cooling to room temperature, dilute to 
the 10 ml. mark with the propanol solution and mix the contents well, 
Centrifuge the tubes for 10 minutes at about 2000 r.p.m. to remove any 
sediment. Clean the outside surface of the tube thoroughly, and read the 
optical density values in a spectrophotometer at 570 mu against the pro- 
panol diluent as the blank. Reagent blanks and 0.50 and 1.00 ml. ali- 
quots of the standard fibrinogen solution are run in duplicate with each 
set of unknowns, and the average value for the reagent blank is subtracted 
from the average optical density value of each standard and unknown. 
Calculations are then made according to Beer’s law as follows: 


“True” fibrinogen a 
(Mg. per 100 ml. plasma) 





D unknown 


X fibrinogen standard (mg.) X 
D standard . S 


100 5 
0.25 (or 0.50) ~ 4 * 8 
where D = optical density (or log Jo/T) 
0.25 (or 0.50) = aliquot of citrated plasma used 
§ = dilution factor due to added anticoagulant 
0.83 = correction factor due to ‘‘occluded”’ proteins 


Studies of Factors Which Influence Quantitative Determination of Plasma 
Fibrinogen 


Effect of Variation of Thrombin Concentration—A large homogeneous 
sample of citrated plasma was obtained from outdated blood bank blood, 
as previously described. 5.00 ml. aliquots of this sample were run, in 
triplicate, for each thrombin concentration shown in Fig. 1 exactly as de- 
scribed for the macroprocedure above. As can be seen from Fig. 1, the 
yield of fibrin increases with increasing thrombin concentration in the 
range of 0.3 to about 4.0 units per ml. 

No further increase in fibrin yield was obtained when the thrombin con- 
centration was increased from 4.0 to 13.3 units per ml. A concentration 
of 5.0 units per ml. was chosen because it was the lowest value sufficiently 
removed from the beginning of the plateau to offset any experimental error 
and to give a “coarse” type of clot within a relatively short time interval. 
As shown by Morrison (7), high thrombin concentrations tend to give de- 
creased yields of fibrin at low fibrinogen concentrations. 

It is well known that plasma contains large amounts of antithrombin sub- 
stances (26, 27). In a recent review paper on this subject Seegers (19) 
concluded “that the quantity of thrombin which 1 ml. of plasma can destroy 
depends upon the quantity of thrombin which is there in the first place” 
and “that 1 ml. of plasma is limited in its capacity to destroy thrombin 
even though any amount of time is allowed for that destruction.” Al- 
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though we have found the optimal concentration of thrombin for plasma 
fibrinogen to be 5.0 units per ml., which is 50 times in excess of the standard 
concentration given by Morrison (7) for purified fibrinogen solutions, such 
a finding is not inconsistent with the experimental data of Seegers (28, 29) 
for the action of antithrombin present in plasma. 
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Fic. 1. Effect of variation of thrombin concentration on fibrin yield 
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Fic. 2. Effect of variation of clotting reaction time on fibrin yield 


Effect of Variation of Fibrinogen-Thrombin Interaction Time—Triplicate 
fibrinogen analyses were performed with the macroprocedure on pooled 
citrated plasma for the various time intervals indicated in Fig. 2. The 
data show that, for constant thrombin concentrations of 3, 5, or 10 units 
per ml., there is little or no difference in fibrin yield from a 3 hour to a 24 
hour variation in clotting interval. In this respect our data confirm those 
of Morrison (7) who showed that at purified fibrinogen concentrations of 
approximately 1.0 gm. per liter and at thrombin concentrations near 0.1 
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unit per ml. there is practically no change in fibrin yield between a 1 hour 








tal 
and a 24 hour interval. Th 
A 1 hour clotting interval was chosen as the optimal condition because ad 
it is the shortest interval which would be expected to yield values that ke 
would consistently fall on the plateau of Fig. 2. of 
Effect of Variation of Temperature at Which Clotting Occurs—The effect ple 
of temperature variation was studied in the manner described for clot is | 
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Fia. 3. Effect of variation of temperature on fibrin yield 
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formation time for the temperatures noted in Fig. 3. This graph shows th 
that there is little or no change in the yield of plasma fibrin under the 


re 
given experimental conditions over a considerable range of temperature ti 
variation. This confirms the findings of Ferry and Morrison (6). These m 
data show that plasma fibrinogen can be determined at room temperature re 
without introducing any significant error in fibrin yield. 

Effect of Variation of Buffer (pH 6.3) Concentration—Studies on the 
effect of the variation of buffer concentration (both the total volume and 
the ionic strength kept constant) were performed with the macroprocedure 
in triplicate as previously described for citrated plasma. The results ob- ti 
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tained for different volumes of the buffer solution are presented in Fig. 4. 
They show that, when 3.0 ml. of buffer (pH 6.3, ionic strength 0.15) are 
added to a volume of 12 ml. of plasma fibrinogen solution (total volume 
kept constant at 15 ml.), the pH of the mixture drops to its plateau level 
of 6.3 and the fibrin yield decreases from about 13.0 mg. at higher pH to its 
plateau value of 12.6 mg. per 5 ml. of plasma. The pH of citrated plasma 
is in the vicinity of 6.8 because of the addition of the citrate solution (pH 
5.2) to whole blood in the ratio of 1:5 by volume. While this run was de- 
signed to show that a volume of 4 ml. of buffer per 15 ml. of total volume is 
sufficient to bring the pH of the mixture to 6.3, it also confirms Morrison’s 
findings (7) that even a slight increase in pH of the mixture above 6.3 serves 
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Fie. 5. Effect of variation of fibrinogen concentration (or volume of citrated 
plasma) on fibrin yield. 


to increase the fibrin yield, owing probably to the occlusion of the other 
plasma proteins. 

Effect of Variation of Fibrinogen Concentration—Triplicate analyses for 
plasma fibrinogen were run with the gravimetric macroprocedure on a 
single large citrated sample in the usual manner except for variation in 
the amount of fibrinogen (or ml. of plasma), as is shown in Fig. 5. The 
results obtained in this run indicate a direct quantitative relationship be- 
tween the quantity of fibrinogen present in plasma and the fibrin yield in 
mg., under the given experimental conditions, and are similar to those 
reported by Morrison (7) for purified fibrinogen fractions. 


Relationship between Optical Density Readings with Photometric 
Microprocedure and Fibrinogen Concentration 


0.25 and 0.50 ml. aliquots of citrated plasma, the fibrinogen concentra- 
tion of which had been previously determined with the gravimetric proce- 








168 MICRODETERMINATION OF FIBRINOGEN 


dure, were then run in triplicate with the photometric microprocedure 
described previously. The results obtained follow Beer’s law, since the plot 
of optical density values versus fibrinogen concentration (from 0.3 to 2.0 
mg. of fibrinogen) gives a straight line. The optical density-concentration 
plot is omitted for reasons stated by Mellon (30). 

From Morrison’s data it is known that the fibrin yield is influenced by 
fibrinogen concentration, but gives quantitative values in the range of 0.5 
to 2.0 mg. of fibrinogen per ml. of solution. It is for this reason that it is 
desirable to run an unknown plasma sample at two separate concentrations 
and then choose, as the more reliable value, the one which falls within this 
concentration range, should the difference between them be more than +5 
per cent. 


Comparison of Results Obtained for Plasma Fibrinogen with Modified 
Macrogravimetric and Microphotometric Methods 


Thirty-two samples of citrated plasma were run in quadruplicate with the 
modified gravimetric procedure of Morrison described above. The results 
obtained were compared with those determined for these same plasmas 
by the photometric microprocedure described above on 0.25 and 0.50 ml. 
aliquots run in triplicate. These data are shown in Table I, which also 
includes a statistical analysis of the variability of the results obtained with 
the photometric micromethod compared to the macrogravimetric _pro- 
cedure. 


Results of Dilution Experiments of Concentra‘ed Fibrinogen Solutions and 
Recovery of Added Fibrinogen (Fraction I) Solutions 


In order to check further the accuracy of the photometric micromethod, 
mixtures of citrated plasma and of human Fraction I (about 60 per cent 
fibrinogen) were prepared so that the fibrinogen content of the resultant 
solutions was between 800 and 1000 mg. per 100 ml. The exact fibrinogen 
content of each solution was then determined by both the gravimetric and 
photometric procedures. This fibrinogen solution was then diluted with 
0.9 per cent NaCl to successively lower known values, and results were 
determined for each dilution, with the microprocedure, run in triplicate 
on 0.25 and 0.50 ml. aliquots. The results obtained in these runs are shown 
in Table II. 

In addition accurately measured volumes of the Fraction I of known 
fibrinogen content were added to known normal plasma fibrinogen solu- 
tions, and the recoveries obtained experimentally were compared with the 


calculated values. The results obtained in these runs are also shown in 
Table IT. 
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dure TaBLe [ 
> plot Comparison of Plasma Fibrinogen Values* Obtained with Macrogravimetric- 
o 2.0 Microphotometric Methods 
ation —_— es, : 1 Rs . | : | True fibrinog i 
Sample No.t Macrogravimetric Microphotometric | Difference error | (calculated x 0.83) 
od by er mg. per 100 ml. mg. per 100 ml. per cent | mg. per 100 mil. 
of 0.5 1 228 244 | +7.0 | 190 
t it is 2 | 236 | 216 a 208 | 
ations 3 | 245 265 | +8.2 | 204 
n this 4 246 268 +8.9 | 205 
r 5 249 | 240 —3.6 | 208 
ie 6 249 243 | -2.4 | 208 
7 253 233 —7.9 210 
8 257 255 —0.8 213 
ed 9 261 249 —7.3 217 
10 300 305 +1.7 249 
11 305 292 —4.3 | 253 
th the 12 308 314 +1.9 | 256 
-esults 13 311 286 -8.0 | 258 
asmas 14 324 300 —8.0 269 
50 ml 15 | 337 318 —5.6 280 
mae 16 370 344 -6.7 307 
h also 17 388 415 +7.0 322 
d with 18 432 427 —1.2 359 
° pro: 19 435 419 ~§:7 361 
Average, +s.d...| 302 + 20.6 296 + 20.4 +5.4 251 + 17.2 
and ee Wate SS a eae ee ees eee 
20 490 490 +0.0 407 
21 518 483 —4.8 430 
ethod, 22 620 590 —4.8 515 
pe 23 654 610 —6.7 544 
sultant 24 670 612 —8.7 556 
: 25 682 | 680 —0.3 566 
‘inogen 26 682 | 682 +0.0 | 566 
ric and 27 | 690 715 +3.6 | 572 
d with 28 | 742 716 —3.5 | 616 
‘Ss were 29 | 873 | 828 —5.2 | 724 
. 30 874 830 —5.0 725 
iplicate 31 | 1059 1075 41.5 | 878 
; shown 32 | 1060 | 1070 +0.9 | 879 
known * Each value represents an aveiage of four or more determinations. 
n solu- tSamples 1 to 19 represent normal citrated plasma, whereas Samples 20 to 32 
ith the | "present either plasma from diseased cases or samples to which various amounts of 
were Fraction I were added. 
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Estimation of Error Due to Occlusion of Other Proteins 


Probably the greatest potential source of error in performing fibrinogen 
determinations is the ability of the fibrin clot to occlude other proteins 
(7,9). Although it was attempted in carrying out the microprocedure to 
keep such adsorption of other proteins to a minimum, the quantitative 
data presented in Morrison’s paper (7) for the determination of purified 


TABLE II 


Recovery and Dilution Runs for Plasma Fibrinogen* by 
Photometric Microprocedure 























aS. Dilution | pe vo | | Fibrinogen found | Difference error 
ug. por 100 mt. | | prions. | mg. per 100» ad, a “per cont 
334 | | | | 
334 4:5 267 | 260 | —2.6 
334 3:5 | oo | 20 #42| = -o05 
334 2:5 | 134 | 129 | —3.9 
Recovery runs 

| Fibrinogen added | 

| 
289 | 908 (1:1t) | 599 606 +1.2 
289 | 908 (1:2) | 701 683 —2.4 
427 | 832 (1:1) | 629 632 | +0.5 
427 832 (1:2) | 698 695 —0.4 
453 832 (1:1) | 643 640 ~0.5 
453 | 832 (1:2) | 706 - | i 
196 908 (1:1) | 552 529 —4.2 
196 | 908 (1:2) | 669 669 +0.0 





* Each value is the average of six individual determinations at two different con- 
centrations. 
t By volume. 





fibrinogen in the presence of serum shows an “apparent”’ yield of about 
115 percent fora total serum protein-fibrinogen ratio of about 10. However, 
Morrison did not investigate the “apparent” fibrin yield for added serum 
protein-fibrinogen ratios greater than 10. Since for plasma this ratio 
usually falls between 20 and 40, it was found necessary to reinvestigate 
this factor for this higher range in the following manner. 

The fibrinogen content of a purified bovine fibrinogen solution in 0.9 
per cent NaCl was determined with the photometric microprocedure. To 
this purified fibrinogen solution were then added various amounts of pooled 
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serum? of known total protein content so that the ratio of added protein 
to fibrinogen was that shown in Fig. 6. All other factors, including total 
yolume, were kept constant in this run. The fibrinogen contents of these 
serum protein-bovine fibrinogen mixtures were then determined by the 
microprocedure simultaneously with that of the pure bovine fibrinogen 
solution itself. The results obtained in this run are plotted in Fig. 6 as 
fbrin recovery versus serum protein-fibrinogen ratios. 

The data in this run confirm Morrison’s findings that there is a linear 
relationship between the ‘“‘apparent” fibrin yield and the serum protein- 
fibrinogen ratio values less than 13. However, at higher ratio values, 7.e. 
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Fic. 6. Apparent yield of fibrin as a function of the amount of added serum pro- 
tein at pH 6.3. 


20 to 70, an asymptotic level is approached in the vicinity of about 120 
+ 5 per cent. 

The above data would indicate that at sufficiently high levels of serum 
protein-fibrinogen ratios, such as those found in plasma, a maximal value 
is reached at about 120 per cent “apparent” fibrin yield, owing to complete 
saturation of the fibrin strands with the other protein fractions present in 
serum. However, Morrison’s experiments (7) dealing with the extent to 
which various plasma protein fractions are carried down by fibrin have 
shown that fibrinogen preferentially occludes some protein fractions, e.g. 
a- and 8-lipoproteins, while other fractions, such as albumin and y-globulin, 
show little or no affinity for fibrif. It was these experimental findings 
which led Morrison to postulate that the elevated plasma fibrinogen levels 
found in some pathological conditions, e.g. heart disease, might actually 
be due to the occlusion of the increased lipoproteins onto the fibrin clot. 


* Since diluted serum when added to the bovine fibrinogen causes the solution to 
clot, the serum and thrombin must be added only a few seconds apart. 
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In order to check this hypothesis, electrophoretic patterns were run ona usec 
number of selected normal and abnormal sera in a manner described in g the 
previous publication (31), except that the total protein values were ob. case 
mul 
Taste III Tat 
Relationship of ‘‘Apparent’’ Fibrin Yield to Added Serum Protein-Fibrinogen Ratios 
and to Electrophoretic Protein Fractions Found in Sera from 
Normal and Diseased Subjects 1 
Ot aes © l ‘ | | ] es an 
| Total "= ‘ne add 
Sam- | : Total Plasma| pro- | / in- 
ple Diagnosis t-y _- | a- a- B | Y pro- fibrin tein_| Par- Fe. blo 
No. | tein | ogen |Fibrin-| yield | lated abc 
| | cgen | |x 083 
pe eae ca. ce ee ee ee ee oe! | foll 
gm. gm. gm. gm. gm. | gm. mg. | per me. phc 
er per per per per oer per per | cent per 
cent cent cent cent cent cent cent cent cent 
| | | 
1 | Normal 3.98| 3.12) 0.51} 0.50) 1.01) 1.10) 7.10) 261 27.2) 115 | 217 
2 ~ 4.19) 3.06) 0.43) 0.59) 1.05] 0.99) 7.25) 300 | 24.2) 119 | 250 . 
3 es 3.96| 3.22) 0.48) 0.77) 0.86) 1.11 7.18) 295 24.3} 125 | 246 Mc 
4 wa 4.39) 3.09) 0.52) 0.56 0.97] 1.03) 7.48) 307 24.4| 123 | 256 z 
5 “ 3.95) 3.20] 0.48) 0.57) 1.06] 1.09] 7.15] 229 | 31.2) 125 | 191 = 
ee a Oe ele, SE of } 
Average...........| 4.09] 3.14] 0.48] 0.59] 0.99] 1.06] 7.23| 278 | 26.2 232 ing 
————<—$ $$ | —_ | —_|—__ |__| —_-|- —— |—a4 pla 
6 | Rheumatic 1.61} 4.16) 0.92) 1.06) 0.98) 1.20) 5.77| 518 | 11.1) 118 | 432 gel 
fever | (32 
7 9 ™ 3.63) 6.08] 0.52) 0.77) 1.20) 3.59) 9.71) 259 | 37.4) 117 | 216 as 
8 | Diabetic 2. i 3.95) 0.62| 0.94) 1.12) 1.27) 6.75) 387 | 17.4] 120 | 322 bei 
gangrene | | 
9 Marie-Striim- | 3. as! 3.49} 0.40) 0.42) 1.51) 1.16) 6.77) 301 22.5) 122 | 251 to 
pell disease | i: | | | sin 
10 Parkinson’s dis-| 3.56| 3.28| 0.48) 0.71| 0.89] 1.20) 6.84} 297 | 23.0] 115 | 247 ! 
— J | | | | for 
11 | Degenerative le 43) 4.02) 0.36) 0.61) 1.08) 1.99) 6 45) 432 14.9) 119 | 350 
disease of | | | = 
central ner- | | | | | (3 
vous system | | | | ele 
— — no 
0 bare Sikhs x Sin nes Sam AGole Mas NSU A a aN hes ‘| 120 ab 
tained by micro-Kjeldahl analysis. Citrated plasmas were obtained simul- “* 
taneously with the serum samples and their fibrinogen content determined a 
with the photometric microprocedure. The ‘‘apparent”’ fibrin yield was = 
then determined for each serum sample by using a solution of purified a 
bovine fibrinogen exactly as described above. The results obtained in ne 
these runs are presented in Table III. They show that the “apparent” 
fibrin yield is a constant, within the experimental error of the methods " 
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used, and is independent both of the serum protein-fibrinogen ratio and 
the marked variations of the protein fractions found in serum from diseased 
eases. ‘These experiments then provide justification for the use of a simple 
multiplication factor to calculate the “true” fibrinogen values shown in 
Tables I and IIT. 


Method for Obtaining Plasma Samples for Routine Clinical Analyses 


To a small test-tube (Kramer-Gittelman tubes) calibrated at 2.00 ml., 
add 0.40 ml. of anticoagulant solution, and then add freshly drawn venous 
blood to the 2.00 ml. mark, and mix well by inversion. Centrifuge at 
about 2000 r.p.m. for 10 minutes to obtain clear citrated plasma, and 
follow the remainder of the procedure exactly as described under the micro- 
photometric procedure. 


DISCUSSION 


Since the classic experimental papers of Ferry and Morrison (6) and 
Morrison (7) dealing with the various factors which influence fibrin yield, 
numerous investigators (13-17, 32) have studied their effects on the clotting 
of purified fibrinogen solutions. However, in a recent review article cover- 
ing this field, Laki (8) points out that the type of clot formed in blood 
plasma is different in its properties from that formed with purified fibrino- 
gen. He attributes this to the presence of Ca ions and to a “serum factor” 
(33, 34) the nature of which is unknown. Reinvestigation of such factors 
as time, temperature, pH, and fibrinogen concentration (ionic strength 
being kept constant at 0.15) for the kind of fibrin clots formed in plasma led 
to essentially the same conclusions as those obtained by Morrison (7) for 
similar experiments with purified fibrinogen. 

The major difference between our findings for plasma and Morrison’s 
for purified fibrinogen lies in the fact that plasma contains both Ca ions 
and antithrombin substances. As reported by Rosenfeld and Janszky 
(35), certain concentrations of Ca ions have an accelerating effect on the 
clotting of fibrinogen. Experimental results with this factor, which are 
not presented here, have shown that an increased concentration of Ca ion 
above that already furnished by the plasma does not affect the fibrin yield. 

As previously stated, the greatest difference between Morrison’s standard 
conditions for purified fibrinogen solutions and our optimal conditions 
for plasma fibrinogen lies in the 50-fold increase in the thrombin concen- 
tration used for the latter. The need for such a large excess of thrombin 
in order to obtain maximal fibrin yields is undoubtedly due to the presence 
of large amounts of antithrombin substances in blood plasma (19, 26-29). 
The data of Fig. 1 show that after a certain minimal level of thrombin 
concentration, 7.e. about 3.0 units per ml. of solution, has been reached, 
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an additional large increase in thrombin concentration has but little effect 
on the fibrin yield. Such high thrombin concentrations give maximal 
fibrin yields in about a 30 minute clotting interval compared to the 4 to 5 
hour interval proposed as a standard condition by Morrison (7). The 
thrombin concentration of 5.0 units per ml. used in this work closely ap- 
proximates that employed for determination of plasma fibrinogen by other 
investigators (9, 24). When the determination of plasma fibrinogen jg 
preceded by the quantitative separation of Fraction I from solution (12), 
smaller concentrations of thrombin may be employed in estimating the 
amount of clottable protein. 

As discussed in Morrison’s paper (7), the amount of fibrin formed from 
fibrinogen has been determined by a variety of methods, e.g. gravimetric, 
micro-Kjeldahl, and colorimetric, including the biuret reaction and the 
tyrosine reaction with Folin’s phenol reagent. While colorimetric proce- 
dures are the most suited for a micromethod, owing to their greater sensi- 
tivity and the ease of performing multiple analyses, the biuret method is 
not sensitive below 1 mg. of protein, while the phenol reagent is specific 
for only a single amino acid structure present in the protein moiety. The 
ninhydrin method used in this work has advantages over other photometric 
procedures in being both highly sensitive (in the range 0.2 to 1.0 mg. of 
protein) and in reacting with the a-amino groups of the protein. Although 
routinely employed for amino acid analysis (23), it has found increasing 
use for the quantitative determination of albumin (36) and for y-globulin 
(20-22). No evidence was found in the literature of its previous applica- 
tion to the determination of plasma fibrinogen. 

One of the major difficulties encountered in determining fibrinogen pho- 
tometrically on a routine basis has been the lack of an easily prepared and 

readily reproducible fibrinogen standard. Purified fibrinogen solutions, 
whether human or bovine, are generally unsuited as a standard, since they 
are apt to contain appreciable amounts of prothrombin or fibrinolysin which 
limit their stability. Morrison (7) attempts to overcome this difficulty 
by using an albumin solution, compared to fibrinogen by nitrogen analysis, 
as a standard solution. Other investigators (Ratnoff and Menzie (9), 
Shinowara and Rosenfeld (12), Wu (37), Andersch and Gibson (38), and 
Quick (39)) employ a tyrosine-phenol reagent chromogenic factor for fibrin 
with reported values of 11.7, 16.0, 16.4, 13.0, and 10.7, respectively. The 
new fibrinogen standard proposed in this paper is essentially a partially 
hydrolyzed amino acid solution of fibrin which has been prepared from 
normal plasma in exactly the same manner as the unknown plasmas are 
run. Its exact fibrinogen content is established by either the gravimetric 
or micro-Kjeldahl procedure. Unlike albumin (40), such a solution is truly 
representative of the amino acid composition of fibrin. Since aliquots 
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of this standard solution and blanks are run with each set of unknowns, an 
exact ninhydrin colorimetric factor is determined for each run, based on 
known gravimetric or micro-Kjeldahl fibrinogen values. 

Morrison (7) has defined ‘“‘occlusion” as the retention of other proteins by 
fibrin. His careful quantitative studies of this phenomenon show that 
“geclusion” varies widely with the nature of the protein, but that each 
protein (or protein fraction) was characterized by having a specific per- 
centage carried down by the fibrin. These experimental findings prove 
that stoichiometry of results with respect to fibrinogen concentration, as 
shown in Fig. 5, does not warrant the assumption that fibrinogen alone is 
being determined. 

Morrison (7) calculates the “occlusion factor” (a) from the following 
relationships, a = (Y — 100)/R, where Y is the ‘apparent’ yield of fi- 
brinogen in per cent and RF is the ratio of added protein to fibrinogen; a 
then is a pure number which represents the slope of the curve seen in Fig. 6. 
Our experimental data for the “occlusion” factor in general confirm Mor- 
rison’s findings for added serum-protein-fibrinogen ratios below 10, but 
the slope of the curve (a) decreases markedly at the higher ratios found in 
plasma. This would mean that, in spite of the specificity of the fibrin clot 
for certain protein fractions, a sufficient excess of these preferred fractions 
js present in plasma almost to saturate the fibrin clot. Stated in another 
way, a small occlusion factor (a2) means that the ‘‘apparent fibrin yield” 
from plasma fibrinogen approaches a value which should be relatively in- 
dependent of total protein changes or of variation in the composition of 
the protein fractions which make up the total protein. That this is indeed 
true is shown by the chemical and electrophoretic data in Table III for 
sera of both normal and diseased subjects which justify the use of a con- 
stant average correction factor of 0.83 to correct for the “occluded” serum 
protein and to obtain ‘“‘true” plasma fibrinogen values. The value of 0.83 
was chosen as a more suitable correction factor than 0.85, which can be 
calculated from the data of Fig. 6 for a ratio value of about 40. The latter 
value is based upon the experimental results obtained with a single serum 
sample, whereas the factor 0.83 represents the average value obtained for 
the eleven normal and abnormal sera shown in Table III. 

In this connection the use of purified bovine instead of human fibrinogen 
to determine the “occlusion” error might be questioned. In addition to 
being readily available commercially, bovine fibrinogen solutions have 
properties which are strikingly similar to those of human fibrinogen, both 
from the view-point of amino acid composition (40) and its physical prop- 
erties (41). It is, therefore, unlikely that different results would be ob- 
tained with purified human fibrinogen. 

The values for plasma fibrinogen obtained by the photometric micro- 
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method differ by less than +5 per cent on the average from those by grayi- 
metric procedure in spite of the reduction in sample size from 5.0 to 0.25 
ml. In addition, the standard deviation from the mean for the nineteen 
normal plasmas of Table I is identical in the two methods and is about one. 
half that reported by other investigators (9, 12, 42). Further proof of 
the accuracy of the method is shown by the excellent results obtained in 
the dilution runs and the recoveries of added fibrinogen reported in Table 
II. 

It is interesting to note that the average value of 296 mg. per cent ob- 
tained for plasma fibrinogen for our small series of nineteen cases checks 
rather closely with the average value of 280 mg. per cent for the thirty-five 
normal cases reported by Ratnoff and Menzie (9) who used a similar 
thrombin-colorimetric technique without correcting for occlusion. How- 
ever, when the normal plasma fibrinogen values obtained with thrombin- 
ninhydrin procedure are reduced to “true” fibrinogen values with the 
constant factor, an average normal plasma fibrinogen value of 251 mg. per 
cent, standard deviation +17.2, is obtained. This checks rather closely 
with the compiled average of 250 mg. per cent for 131 normal cases re- 
ported by Ham and Curtius (43) who employed the Cullen-Van Slyke (44) 
technique. This close agreement between the calculated “true” fibrinogen 
values and the results obtained by the CaCl, clotting method for normal 
plasma may be due to a cancellation of errors as a result of the negative 
error, due to incomplete precipitation of fibrinogen, which is offset by a 
positive error, due to the “occlusion” of other proteins. For example, 
Hussey ((45); see Quick (39)) found that simply diluting the plasma with 
water instead of with 0.9 per cent saline increases the fibrin yield by 20 per 
cent. As stated by Quick (39), dependence upon the addition of CaCl, 
. solution for the release of thrombin may lead to low fibrin yields for ab- 
normal plasma which are deficient in this component. 

The use of salt fractionation methods, e.g. sodium sulfate (46) or sodium 
sulfite (47), to isolate a pure protein fraction (fibrinogen) at a single salt 
concentration has been studied with the electrophoretic technique by other 
investigators (48, 49). They found that at any single salt concentration 
there is an undeniable overlapping of protein fractions and no absolute 
separations take place. They also found that conditions which appear 
suitable for normal plasma do not necessarily apply to abnormal plasma 
of different electrophoretic composition (50). The electrophoretic method 
itself, in addition to being unsuited for routine analysis, has been found 
to give fibrinogen values which are too high (5, 51), owing to incomplete 
resolution of the fibrinogen peak. However, when Fraction I was first 
isolated quantitatively by the low temperature-low ionic strength tech- 
nique of Cohn and coworkers (4) and its fibrinogen content was determined 
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as clottable protein with thrombin (12), the average value for 59 individuals 
was 260 mg. per cent, with a standard deviation of +50. This compares 
favorably with results by the thrombin-ninhydrin technique. 


SUMMARY 


1. The factors which influence fibrin yield, such as pH, clotting interac- 
tion time, temperature, thrombin and buffer concentration, etc., were in- 
vestigated (at a constant ionic strength of 6.15) with Morrison’s gravi- 
metric technique (7) for citrated plasma. 

2. Because of the presence of antithrombin substances in plasma, a throm- 
bin concentration of 5.0 units per ml. was required to give a maximal fibrin 
yield from plasma at 1 hour’s clotting time, room temperature, and pH 6.3 
for fibrinogen concentrations from 0.5 to 2.0 mg. per ml. in a 15 ml. volume. 

3. On the basis of these experiments, a photometric micromethod was 
developed which utilizes (a) Morrison’s technique of clotting, syneresis, 
and washing and (b) a ninhydrin procedure for the quantitative estimation 
of fibrinogen in the fibrinogen range of 0.3 to 2.0 mg. 

4, A new, partially hydrolyzed fibrinogen standard was prepared from 
normal plasma. This remains stable indefinitely and its fibrinogen content 
is standardized by either the gravimetric or micro-Kjeldahl procedure. 
By running aliquots of this standard solution, together with blanks for 
each set of unknowns, an accurate colorimetric factor is determined for 
each run instead of the arbitrary factors used in the tyrosine-phenol re- 
agent procedure. Unknown plasma samples, 0.25 or 0.50 ml., are run 
under conditions identical with those for the preparation of the standard 
solution. 

5. Results obtained by the photometric micromethod check those ob- 
tained by the macrogravimetric procedure for plasma fibrinogen within 
an experimental error of +5 per cent. The photometric method gives 
excellent recoveries of added human fibrinogen (Fraction I). 

6. By running samples of purified bovine fibrinogen in the presence of 
increasing amounts of added serum proteins, it was shown that a, the 
“occlusion” factor (or slope of the curve), approaches a small limiting value 
at the added serum protein-fibrinogen ratios found in plasma. The maxi- 
mal ‘“‘apparent”’ fibrin yield obtained with serum proteins from both nor- 
mal and diseased subjects, added to purified bovine fibrinogen, averages 
120 + 5 per cent and is relatively independent of change in either the serum 
total protein or in the composition of the serum protein fractions deter- 
mined by electrophoretic analysis. These experimental data provide justi- 
fication for the use of a constant multiplication factor to calculate “true” 
plasma fibrinogen. 

7. Values for normal plasma fibrinogen obtained by the thrombin-nin- 
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hydrin procedure averaged 251 mg. per cent, s.d. +17.2, for nineteep 
cases corrected for ‘‘occlusion” error to give “‘true” fibrinogen values. The 
relationship of these findings to the normal values obtained with other 
fibrinogen procedures is discussed. 
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RIBONUCLEASE 
III. RIBONUCLEASE ACTIVITY IN RAT LIVER AND KIDNEY* 
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Since the isolation of crystalline pancreatic ribonuclease (RNase) by 
Kunitz (1) in 1940, the presence of enzymes having the ability to hy- 
drolyze high polymer ribonucleic acid (RNA) has been reported in many 
animal and plant tissues (2-10) and in microorganisms (11-16). Through 
the use of many different assay methods and varying nomenclature, con- 
siderable confusion has arisen as to the action of the enzymes and their 
specificity. {Schlamowitz and Garner (10) list ribonuclease, ribonucleo- 
depolymerase, polynucleotidase, ribonucleinase, and nucleotidase as names 
used to specify enzymes capable of degrading RNA. They in turn intro- 
duced the term nuclease activity as indicative of the presence of enzymes 
which promote the hydrolysis of RNA with the formation of inorganic 
phosphate. In addition to these, Zittle and Reading (17) reported on an 
enzyme different from RNase which they called non-specific phosphodiester- 
ase, and which was capable of splitting RNA. 

Although recent studies on the structure of RNA and the mode of action 
of pancreatic RNase (18-20) have considerably clarified the specificity of 
action of this enzyme, it is not yet possible to define its specificity com- 
pletely. From the available evidence it is probable, however, that RNase 
splits only diesterified phosphate between pyrimidine nucleotides (18), 
giving rise to pyrimidine mononucleotides, cyclic mononucleotides, and 
mixtures of di- to pentanucleotides. RNase may therefore be considered 
to be a phosphodiesterase. 

In this paper RNase is defined as any enzyme acting on RNA to split 
diester phosphate links, giving rise to mixtures of mono- and oligonucleo- 
tides which are soluble in acid or acid-alcohol. No inorganic phosphate is 
formed by RNases. As it is quite possible that several RNases with varying 
nucleotide specificities occur in a tissue, the term tissue RNase activity will 
be used in this report. 

There is increasing evidence for the existence of different kinds of RNases 

*This project has been supported in part by a grant from the United States 
Atomic Energy Commission contract AT (30-1)-1069. 

t Present address, Strangeways Research Laboratory, Cambridge, England. 
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(15, 21, 22), and the ubiquitous occurrence of these enzymes in all types of rem 
cells capable of reproduction, which have thus far been examined for their kid 
presence, suggests that they may play an important réle in the growth and rem 


development of the cell. wit] 
Preliminary to studies involving the isolation and characterization of by 
specific RNases from tissues other than pancreas, this paper presents some val 
observations on the RNase activity of kidney and liver homogenates and dice 
of liver fractions. car" 
mo; 

Materials and Methods ace 


Enzyme Assay—The method of Roth and Milstein (2) was employed. ooh 

Enzyme Sources—Adult male Wistar rats weighing from 250 to 300 gm. 
were used to supply the tissues and were maintained on Fox chow meal 
and adequate water. Phosphate-labeled RNA was prepared as previously 
described (2), and several different lots were used but varied little in com- 
position, assays of the same enzyme preparation with different samples 
of RNA giving identical results. Tissue homogenates were prepared in an 
all-glass homogenizer with distilled water. For kidney, 0.25 to 0.35 gm. 
of tissue in 100 ml. of water was utilized, and for liver 1.0 to 1.2 gm. in 
50 ml. Enzyme activity is described on either a relative basis, in terms 
of radioactivity of the acid-soluble filtrate, or on an absolute basis in terms 
of mg. of acid-soluble P or inorganic P split per hour per mg. of N, and 
calculated as previously described (2). 

Buffers—A stock solution of 14.714 gm. of sodium Veronal plus 9.714 
gm. of sodium acetate trihydrate in 500 ml. of H.O was stored in the re- 
frigerator. An 8.5 per cent NaCl solution was also prepared. To pre- 
pare 25.0 ml. of buffer, 5.0 ml. of the Veronal-acetate solution and 2.0 ml. 
-of NaCl solution were placed in a 25.0 ml. volumetric flask and 0.1 n HC 


ens 


was added until the desired pH was obtained, after which the solution was “s 
diluted to the mark. The final buffers were 0.17 m with respect to Nat fo 
ion and were isoionic. Q 
EXPERIMENTAL e 
v 

Effect of Storage on RNase Activity in Kidney and Liver Homogenates 
Storage at Room Temperature—Homogenates of liver and kidney were st 
prepared as described and assayed after 5, 15, and 30 minutes and 1, 2, ti 
and 4 hours. The homogenates were allowed to stand at room tempera- ni 
ture (23-25°) during this period. There was no significant change in a 
RNase activity in any of the samples tested. ST 
Storage at 0°—Homogenates of liver and kidney were prepared and Pp 
stored in the refrigerator. The initial activity before storage was deter- a 
mined in triplicate, and at various intervals, up to 20 days, samples were th 








YUM 


pes of 
* their 
h and 


ion of 
; Some 
Ss and 


] oyed. 


- meal 
iously 
1 com- 
imples 
| in an 
5 gm. 
mm. in 
terms 
terms 
Y, and 


9.714 
he re- 
O pre- 


nN HCl 
yn was 
o Nat 


ites 
r were 
iL 


npera- 
ge in 


d and 
deter- 
s were 





J. S. ROTH 183 


removed and assayed in duplicate. The changes observed in the liver and 
kidney RNase activities are plotted in Fig. 1. Kidney RNase activity 
remained essentially constant, while liver RNase activity showed a rise, 
with a maximum being reached at from 6 to 10 days. This was followed 
by a slow decline or occasionally the maintenance of a fairly constant 
yalue. In some samples (L1) there was a moderate rise in 24 hours, in- 
dicating that, to avoid changes due to aging, assays on liver should be 
carried out within 4 hours. Similar variations in enzyme activity of ho- 
mogenates have been reported by others (23-27). These changes may be 
accounted for in several ways. There may be an increase in dispersion or 
solubility of the enzyme from various particulates or the nucleus, or a 
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Fig. 1. The effect of storage at 0° on RNase activity in liver and kidney homog- 
enates. 


second possibility is the inactivation of a protein inhibitor by cathepsins 
or proteases formed in the homogenate. This latter action has been noted 
for yeast desoxyribonuclease (DNase) (26). Greenstein and coworkers 
(27) studied RNase activity in dialyzed and undialyzed extracts of liver, 
spleen, and kidney. They found increases in RNase activity in the first 
two tissues after dialysis was carried out for 24 hours in the cold. 

Storage in Frozen State—Liver RNase activity was approximately con- 
stant in the frozen state over an 18 day period (Fig. 2), although the ac- 
tivity was 21 per cent higher than the control value obtained at the begin- 
ning of the experiment. The freezing and thawing process may have 
accomplished the same change as storage at 0° over a longer period of time, 
since the activity of the non-frozen sample also approached a value 21 
per cent above the control after 6 days. Although fluctuations in RNase 
activity were observed in frozen kidney homogenates assayed at intervals, 
there was no significant change in activity (Fig. 2). 
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Effect of pH on RNase Activity in Rat Liver and Kidney Homogenates— 
Since the method used for assay of RNase activity in this study depends 
upon the formation of degradation products from RNA which are soluble 
in acid-alcohol solution, it is essential to show that enzymes splitting in. 
organic phosphate from RNA or its degradation products do not interfere. 
As the indicator of their activity would be the increase in inorganic phos. 
phate, the latter as well as acid-soluble phosphate was determined in the 
filtrates by the procedure described below. 

A radiocarrier method was adopted to determine the increase in inor. 
ganic phosphate, as it was expected that only small quantities would be 
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formed under the conditions used in the RNase assay. By determining 
P® which could arise only from the labeled mono- or polynucleotides pres- 
ent, other enzyme reactions which might produce inorganic phosphate 
from other substrates such as adenosinetriphosphate, phosphoprotein, 
etc., would not interfere. It was first shown that inorganic P® could be 
recovered quantitatively by precipitation of MgNH,PO, with carrier phos- 
phate, and the recovery of P®? as MgNH,PO, is shown in Table I. 
Homogenates of liver and kidney were then prepared and 1.0 ml. of 
homogenate was added to 1.0 ml. of Veronal-acetate buffers ranging from 
pH 4.5 to 8.6. 1 ml. of 1 per cent labeled RNA was then added and 1.0 
ml. of the mixture immediately withdrawn, and the pH was determined 
with a Beckman pH meter. The remaining 2 ml. were incubated for } 
or 1 hour at 37° and the reaction then stopped by the addition of 3.0 ml. 
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of acid-alcohol. The unhydrolyzed RNA was filtered and 2.0 ml. aliquots 
of the filtrate were assayed for acid-soluble P® and inorganic P®. When 
blanks with water instead of homogenates were run at the different pH 
values, it was found that there was no significant variation in them within 
the range employed. The value for the blank was subtracted from the 


TABLE I 
Recovery of Inorganic P** As Magnesium Ammonium Phosphate 
Average of duplicate determinations. 





Phosphate P%? added Phosphate P#? recovered Per cent recovered 


























total c.p.m. total c.p.m. 
1140 | 1112 97.5 
2122 2145 101.0 
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Fic. 3. The effect of pH on the RNase activity of liver and kidney homogenates 
O, kidney; @, liver. 


experimental values to get the net activity illustrated in Figs. 1 to 7. The 
results are given in Fig. 3. With both kidney and liver homogenates (and 
also liver mitochondria) the inorganic P* was very low and did not change 
significantly over the entire pH range covered, even though there were 
large fluctuations in the acid-soluble P®. This is taken as fairly good 
evidence that enzymes which split inorganic P® from the RNA mono- 
and polynucleotides do not interfere with the RNase assay. 

Kidney RNase activity was optimal at pH 7.8. At approximately pH 








186 RIBONUCLEASE. III 


5.6 to 6.0 there were indications of another peak. Liver RNase activity 
was optimal at pH 6.0 and there was often another smaller peak apparent 
at pH 7.8. This double optimum in both kidney and liver may well repre- 
sent two different enzymes with RNase activity. It has already been 
shown that there are two chromatographically different RNases in pancreas 
tissue (21). One of these may be the well known extracellular pancreatic 
enzyme which has been isolated in crystalline form (1), while the one pres- 
ent in smaller amount may be an intracellular enzyme similar to the liver 
enzyme that has a pH optimum at 6.0. Double pH optima have been 
reported for lipases (28) and phosphatases (29). 
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Fia. 4. The effect of heating on the RNase activity of liver and kidney homog- 
enates. O, kidney; @, liver. 


' Effect of Heating on RNase Activity of Kidney and Liver Homogenates— 
Samples of the same homogenates were heated for 15 minutes in the pres- 
ence of Veronal-acetate buffer of pH 7.78 and 5.55 for kidney and liver, 
respectively. They were then cooled to 37°, substrate was added, and the 
mixture incubated for } hour. The results of typical experiments are 
depicted in Fig. 4. The RNase activity of kidney was affected by heating 
to a lesser degree than that of liver. 

Reaction Rates—Several experiments were carried out to determine the 
nature of the reaction rates and the effect of temperature upon them. 
There was little enzyme activity in kidney homogenates at 0° and this was 
only slightly increased at 13°. A rise in temperature from 26-37° in- 
creased the activity about 3-fold (about the same as with crystalline pan- 
creatic RNase), while from 37-—52° the rise was approximately 1.5 times. 
At 52° the rate fell off after 40 minutes, probably because of partial de- 
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naturation of the enzymes; at lower temperatures the rates were linear 
for an hour or more with both kidney and liver enzymes. 

Effect of Mg** and Ca** on RNase Activity in Homogenates—Magnesium 
and calcium ions inhibit pancreatic RNase; nearly complete inhibition was 
obtained with molarities greater than 0.05 (30). In view of the normal 
presence of these ions in cells, their effect on RNase activity in other tis- 
sues is of interest. For these experiments buffers were prepared as before, 
with the addition of MgCl, or CaCl, to give the final molarities indicated 
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Fic. 5. The effect of Ca**+ (@) and Mgt+ (O) on the RNase activity of kidney 
and liver homogenates. 


in Fig. 5 when 1.0 ml. of the buffer was mixed with 1.0 ml. of homogenate 
and 1.0 ml. of substrate. Controls were run with the substitution of 1.0 
ml. of water for the homogenate in order to eliminate any effects of salt 
on the substrate. 

Examination of the results in Fig. 5 shows that RNase activity was 
inhibited in both tissues by both ions but to different degrees. Inhibition 
was never complete, even at the highest concentration used. 

Effect of Substrate Concentration on RNase Activity—Solutions of labeled 
RNA of 0.5, 1, 2, and 3 per cent were prepared and a portion of the same 
sample of liver homogenate was added to each. Identical rates were ob- 
tained with 0.5 and 1.0 per cent RNA, while with 2.0 and 3.0 per cent a 
slight falling off in activity was observed after 40 minutes. It has been 
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reported that pancreatic RNase is inhibited by an increase in substrate 
concentration (30). 

Effect of Salt Concentration on RNase Activity in Liver and Kidney Homog- 
enates—Salt concentration (Nat, K+, or NH,*) is extremely important 
to pancreatic RNase activity. For this enzyme, Lamanna and Mallette 
(30) reported an optimal concentration of 0.05 m Nat. There was no 
activity with zero salt concentration, and in this laboratory! it has been 
found that 1.0 m concentration of Na+ also completely inhibited the ac- 
tivity. For these experiments 0.02 m tris(hydroxymethyl)aminomethane 
buffer, pH 7.8, was used with kidney homogenates, and no buffer with 
liver. The results are plotted in Fig. 6. Since the homogenates already 
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Fig. 6. The effect of increasing NaCl concentration on the RNase activity of 
liver and kidney homogenates. 


contained some salts, it was impossible to determine the effect of the ab- 
sence or of very low concentrations of salt. 

RNase Activity in Separated Liver Components—Several reports on 
the occurrence of RNase in nuclei and mitochondria have appeared in the 
literature. Brown, Jacobs, and Laskowski (31), using calf thymus, found 
approximately 50 per cent of the RNase activity in the nuclei, with the 
remainder distributed approximately equally between the particles and 
the supernatant fluid. Schneider and Hogeboom (32) found only 10 per 
cent of RNase activity in the nuclei of mouse liver and believed that this 
represented contamination. Earlier reports of large amounts of RNase in 
thymus and kidney nuclei (33-36) have been disputed (32). The studies 
of Stern ef al. (37) showed great variability in nuclear enzyme content, 
depending on the tissue, species, and age of the animal. In most of the 


1 Roth, J. S., unpublished experiments. 
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above reports it is to be noted that no simultaneous determinations of 
the purity of the nuclear preparations were made, although the separa- 
tion method employed by Hogeboom et al. (38) has been carefully assessed 
by them with regard to nuclear purity. In the experiments reported be- 
low, simultaneous determination of nuclear contamination by mitochondria 
was made by assaying for cytochrome oxidase activity in the various 
particulate fractions and the homogenate. 


Procedure 


The method employed was a modification of the technique of Hogeboom 
e al. (38). All of the steps were carried out at from 0-5°. The two 
sucrose solutions of 0.25 m and 0.34 m were both 1.8 X 10-* m with respect 
to CaCl, , as it was found that the use of this lower concentration gave 
much purer nuclei, although in poorer yield. The yield, however, was 
quite adequate for the enzyme assays required. Rats were exsanguinated 
by heart puncture under ether anesthesia and the livers were removed 
and homogenized in 9 volumes of 0.25 m sucrose in an all-glass homogenizer. 
The homogenate was filtered through cheese-cloth, and 80 ml. were used 
for the preparation of the nuclei and mitochondria. 10 ml. portions were 
layered over 20 ml. of 0.34 m sucrose in conical 40 ml. centrifuge tubes 
and spun at 500 X g for 10 minutes. The upper 10 ml. layer was carefully 
withdrawn with a 10 ml. Mohr pipette to which a rubber bulb had been 
attached. The pellet of nuclei was rehomogenized in 5 ml. of 0.25 m 
sucrose, care being taken to remove nuclei which adhered to the sides of 
the centrifuge tube. 10 ml. portions of the resuspended nuclei were re- 
layered over 20 ml. of 0.34 m sucrose (four centrifuge tubes) and spun 
at 75 X g for 8 minutes. The homogenization of the nuclei and relayering 
were repeated, similarly, three more times; the last two times all the nuclei 
were contained in a single centrifuge tube. After the last centrifugation, 
the nuclei were made up to a satisfactory volume, usually 30 ml., with 0.25 
M sucrose. The supernatant fluids from the first and second centrifuga- 
tion were centrifuged at 5000 X g for 15 minutes. The separated mito- 
chondria were resuspended in 0.25 m sucrose and centrifuged again for 15 
minutes, after which they were made up to a suitable volume with 0.25 m 
sucrose. The supernatant fluids from the mitochondrial centrifugations 
were combined after recentrifugation at 5000 X g to remove any residual 
mitochondria, and made up to volume also with 0.25 m sucrose. The 
latter will be referred to as the supernatant fraction. Aliquots of the 
original homogenate, diluted 1:5 with 0.25 m sucrose, and the fractions 
were utilized for the following assays: RNase performed as described under 
“Effect of pH on RNase activity.” Cytochrome oxidase was assayed spec- 
trophotometrically at 25° essentially by the method of Potter and Albaum 





190 RIBONUCLEASE, III 


(39) by following the rate of oxidation of ferrocytochrome c at 550 my, tivi 
Each cuvette contained 2.7 X 10-' m reduced cytochrome c, 3.3 X 107 hav 
M NasHPO,-KH2PO, buffer, pH 7.4, water to make a final volume of 3.9 one 


ml., and 0.05 to 0.2 ml. of a suitable dilution of liver fraction or homogenate, C 
DNA was assayed by the method of Dische (40) in the homogenate, and pH 
nuclei to estimate the recovery of the latter. Nitrogen was determined on tha 
all fractions by the micro-Kjeldahl procedure. In all, five separations acti 
were carried out. In Experiments 1 and 2, no attempt was made to achieve RN 


quantitative separation of the components. In Experiments 3, 4, and 5 
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Fic. 7. Specific RNase activity in liver fractions at various pH values. @, 
mitochondria; O, nuclei; X, homogenate; 0, supernatant fluid; and A, inorganic 
P formed in assay for RNase in mitochondria. 


great care was taken in this respect. Experiment 5 utilized 1.8 X 10° ob 
CaCl. m 


Results af 


The specific activities of the fractions in a typical experiment (Experi- 
ment 2) are plotted in Fig. 7. Also plotted is the total inorganic P* formed 
in the assay of mitochondria for RNase activity. Distinct double peaks 
of about the same size were noted in mitochondrial RNase activity. One 
is at about pH 5.9 and the other at pH 7.8. There was no significant 


change in inorganic P®, indicating again that the activity is undoubtedly : 
due to RNase. The double peaks may be due to different enzymes and it is 
is interesting to note that only the peak at pH 5.8 shows up well in homog- . 
enate assays. The peak at pH 7.8 may be very small (Fig. 3) or at times % 
not readily apparent (Fig. 7). The removal of inhibitors which may occur “ 


in the supernatant solution or in small particles may allow maximal ac- 
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tivity of the mitochondrial RNase at pH 7.8. Several such inhibitors 
have been described (41-43) and further evidence for the occurrence of 
one may be seen in the data given in Table III. 

Only a single pH optimum at 7.8 was observed for nuclei, and at this 
pH the specific activity of nuclei was equal to, or somewhat greater than, 
that of mitochondria. In view of the small amount of cytochrome oxidase 
activity in the nuclei, it does not seem likely that this large amount of 
RNase activity would be due to contamination unless nuclei have a special 








TaBLeE II 
Cytochrome Oxidase Activity of Liver Fractions 
Experiment No. | Fraction Specific activity* Ratio, homogenate-nuclei 
per min. per mg. N 

1 Homogenate 184.8 21.0 
Nuclei 8.8 

2 Homogenate 143.2 16.5 
Nuclei 8.7 
Mitochondria 298.5 

3 Homogenate 170.3 14.6 
Nuclei 11.7 
Mitochondria 297 .6 

4 Homogenate 140.5 10.0 
Nuclei 14.1 
Mitochondria 209 .6 
Supernatant 3.5 

5 Homogenate 99.6 2.71 
Nuclei 36.8 
Mitochondria 139.5 
Supernatant 2.5 














* Cytochrome oxidase levels are given in terms of the specific activity which was 
obtained by calculating the first order reaction rate constant and dividing by the 
mg. of nitrogen per cuvette. 


affinity for cytoplasmic or mitochondrial RNase. Nuclei washing experi- 
ments of Brown, Jacobs, and Laskowski (31) seem to preclude this pos- 
sibility of adsorption. 

Activity in the supernatant fluid was quite low, the somewhat greater 
activity at pH 6 being due possibly to contamination by mitochondria. 

Total activity recoveries in the fractions are given in Table III for the 
twelve pH values utilized, with data given for Experiment 3. The results 
for Experiment 4 were quite similar, although the nuclear RNase activity 
was higher than in Experiment 3. In Experiment 5 the use of a higher 
concentration of CaCl, resulted in a greater recovery of nuclei but they 
were much less pure than in the other experiments. Also, since the higher 
concentrations of calcium might have had more inhibitory effect on RNase 
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activity, the results of Experiment 5 which were qualitatively the same 
as for Experiments 3 and 4 were not taken as typical. 

From Table III it can be seen that the total per cent activity in each 
fraction varied greatly, depending upon the pH. Since Schneider and 
Hogeboom (32) determined RNase activity at pH 5, which according to our 
results was very far from the optimal pH for RNase activity in liver nuclei, 
their finding of a lower specific activity and only a small fraction of the 
activity in nuclei could easily be accounted for on this basis. Actually 
our results at pH 5 agree remarkably well with theirs, even to the extent 


TaBLe III 


Total Ribonuclease Activity in Liver Fractions at Different pH Values 
(Data from Experiment 3)* 








| Percent | oe Per cent Total 
pH |Homogenate| Nuclei — ow homogenate re ne — henna 

| activity achvny activity = 100 
8.52 9.05t 3.06F 33.8 6.45f 71.2 3.14f 34.6 139.6 
8.19 | 9.45 | 3.06 | 32.4 | 7.78 82.5 | 3.36 | 35.6 | 150.5 
7.71 | 6.09 3.60 59.2 9.21 151.4 3.08 50.6 261.2 
7.50 | 4.55 3.84 84.4 9.55 210.0 2.70 59.3 354.7 
7.2% | 4.05 3.64 89.9 8.65 214.0 1.42 35.1 339.0 
6.88 4.45 2.50 56.1 7.22 162.4 1.78 40.0 258.5 
6.27 12.60 2.15 17.1 8.36 66.4 1.72 13.7 97.2 
5.63 13.50 1.57 11.6 8.41 62.3 2.80 20.7 94.6 
5.23 10.00 1.62 16.2 6.96 69.6 2.03 20.3 106.1 
4.99 | 10.80 1.33 12.3 6.32 58.5 2.12 19.5 90.2 
4.56 9.12 0.92 10.1 5.25 57.2 1.95 21.4 88.7 
4.47 8.03 0.84 10.5 4.39 54.7 1.35 21.3 86.5 
5.00 10.2 58.0 16.9 85.4 





























_ * Average of duplicate determinations for each fraction at each pH value. 
t Total activity expressed as mg. of acid-soluble P split per hour per mg. of N. 
t Data of Schneider and Hogeboom (32) for mouse liver. 


of recovery of only about 90 per cent of the total activity. In the pH 
range from approximately 6.8 to 7.8 there seems to be a considerable 
inhibition of the RNase activity of whole liver homogenate; the total ac- 
tivities in this region were from 20 to 50 per cent of those at either higher 
or lower pH values. The separated nuclei and mitochondria, when re- 
moved from the presence of the inhibitory substance or substances, prob- 
ably exhibit their maximal activities which, in this pH range (6.8 to 7.8), 
may amount individually to several times that of the entire homogenate. 


DISCUSSION 


The evidence presented in this report and that obtained by other in- 
vestigators (21, 22) seem to indicate the existence of at least two RNases. 
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It is interesting to note that two different DNases have been reported (44). 
The significance of the occurrence of two RNases in one tissue, or in dif- 
ferent tissues, is not readily apparent. It is possible that one enzyme may 
be concerned primarily with degradation and the other with synthesis. 
Since RNA synthesis occurs even in the presence of relatively high con- 
centrations of RNase inhibitors (45, 46), it would be of interest to deter- 
mine whether the RNase activities at pH 5.8 and 7.8 in liver mitochondria 
are affected similarly by these inhibitors. Preliminary studies! with the 
inhibitor Treburon (42) and the accelerator benzimidazole (42) showed 
that both activities responded qualitatively in the same manner. The 
results obtained for total activities in separated cell components at dif- 
ferent pH values emphasize the importance of establishing the activity 
pattern of an enzyme under various conditions before attempting a study 
of the distribution of enzyme activity in various cellular fractions. Since 
there are so many factors that affect enzyme activity and even distribu- 
tion, and since adsorption and elution of enzymes by cell components are 
influenced by these same factors, reports on distribution should be inter- 
preted with caution. 


I wish to acknowledge the helpful assistance of Dr. Herbert J. Eichel in 
carrying out the cytochrome oxidase assays. 


SUMMARY 


1. The effects of storage under various conditions, changes in pH, heat- 
ing, Ca++ and Mg** ions, and NaCl concentration on RNase activity in 
liver and kidney homogenates were determined. 

2. Liver homogenates were separated into nuclear, mitochondrial, and 
supernatant fractions and the RNase activity of each was determined at 
twelve pH values ranging from 4.5 to 8.6. 

3. The total activity of the homogenate was considerably depressed in 
the pH range, 6.8 to 7.8. Two distinct pH peaks were observed in liver 
mitochondrial RNase activity, one at approximately 5.8 and the other at 
78. Only one peak at 7.8 was observed for nuclei. 

4. The per cent of the total homogenate activity in each fraction varied 
greatly, depending on the pH. 

5. Examination of the purity of the nuclei and other considerations 
suggested that a small but significant amount of RNase activity is located 
in the nucleus. Some possible implications of these results were discussed. 
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THE DETERMINATION OF TOTAL BASE OF SERUM WITH 
AN ION EXCHANGE RESIN CONDITIONED AS 
IODATE* 


By JOHN C. VANATTA anp IVAN CUSHINGT 


(From the Department of Physiology, Southwestern Medical School of The University 
of Texas, Dallas, Texas) 


(Received for publication, October 15, 1953) 


The present methods of determining total base in biological material 
either are time-consuming or involve special apparatus. The method 
of Polis and Reinhold (1) who used a cation exchange resin conditioned 
in the hydrogen ion form is an exception, but has the disadvantage that 
bicarbonate is converted to carbonic acid which then decomposes and es- 
capes, and hence a total fixed anion determination is made by the resin 
and the HCO; is determined separately. 

In this laboratory, we have used for determination of total base an ion 
exchange resin conditioned as iodate. This complex has the advantage 
that it will react stoichiometrically with both carbonate and bicarbonate 
and the iodate liberated can be easily and accurately determined by stand- 
ard analytical methods. It has the disadvantage that with unashed serum 
a slight error results from the fact that the protein will not react with the 
resin. However, a correction factor may be used in order to obtain quickly 
an estimation of total base within 2 or 3 per cent (2 = 2.0 m.eq. per liter). 
If a more accurate determination is needed, the serum may be ashed and 
the determination made without the interference of protein. 

Apparatus—A glass tube 10 cm. long and 0.5 cm. internal diameter 
topped with a 15 ml. cup is used. The bottom of the column has a con- 
striction sufficient to allow a flow of 5 to 7 ml. per minute when the column 
is filled with only water. (A more elaborate column! with a glass stop-cock 
at the bottom and a coarse sintered glass filter may be used.) Vycor glass 
crucibles are used for ashing serum. 

Reagents— 

1. Water for all solutions coming in contact with the resin should be 


*This work was supported by grants from Purse and Company and from the 
Dallas Heart Association. The Rohm and Haas Company furnished resin for this 
work. Presented before the Federation of American Societies for Experimental 
Biology, Chicago, April, 1953. 

t With the technical assistance of Mrs. Nita Banewicz. 


1 Custom-made by the A. S. Aloe Company, 5655 Kingsbury, St. Louis 12, Mis- 
souri. 
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prepared by passing distilled water through a deionizing resin cartridge 
such as Deeminac.? 

2. Potassium iodate, 0.150 m standard stock solution, from which 0.015 
m and 0.0015 m solutions are prepared for standardizing thiosulfate. 

3. Sodium thiosulfate, 0.03 m, in approximately 0.01 n NaOH standard. 
ized against 0.015 m KIO;. From this sodium thiosulfate, 0.003 m and 
0.006 m solutions are prepared and standardized against 0.0015 m KIO, 
each day. 

4. Sodium chloride, 0.150 m, from which a 0.0015 M solution is pre. 
pared. 

5. Potato starch. Boil 1 part of diced potatoes in 2 parts of water for 
15 minutes. The supernatant solution is poured off and saturated with 
sodium chloride. 

6. Phosphoric acid, approximately 0.3 m; 20 ml. of 85 per cent phos. 
phoric acid per liter. 

7. Caprylic alcohol. 

8. Approximately 4 N sulfuric acid. 

9. Sodium iodide, c.p. 

10. Phosphotungstic acid. 10 ml. of 85 per cent phosphoric acid and 6 
gm. of sodium tungstate diluted to 1 liter. 

11. Resin. Rohm and Haas IRA-400, analytical grade* which is in the 
hydroxide form, is used. A volume of 200 ml. of resin is conditioned ina 
column 30 to 40 mm. in diameter; 9200 ml. of 5 per cent KIO; are run 
through the column at a rate not to exceed 0.5 ml. per sq. em. per minute. 
The small diameter column and slow flow rates are essential to this process 
because of slow reacting groups on the resin. The effluent KIO; is too 
alkaline for reuse on new batches of resin. When this is completed, a 

_sample of resin is obtained from the lower end of the conditioning column 
and checked for its iodate capacity as follows: (a) Fill one of the glass col- 
umns with resin as described below; (b) wash with 15 ml. of distilled water, 
discarding the effluent; (c) wash with 15 ml. of 5 per cent NaCl, collecting 
the effluent in a 100 ml. volumetric flask; (d) follow the NaCl with 15 ml. 
of water, collecting this effluent in the same flask; (e) dilute to mark, titrate 
a 0.5 ml. aliquot with 0.003 m sodium thiosulfate; (f) calculations 


ml. titration X 200 
volume of resin, ml. 





M.eq. I0;- per ml. resin = X 0.0005 m.eq. per ml. 
The capacity of this resin should be 1.15 m.eq. or more per ml. If the 
resin fails to meet capacity specifications, more 5 per cent KIO; must be 
2 Crystal Research Laboratories, Inc., Hartford, Connecticut. 


3 Orders for less than 25 pounds obtainable from the Fisher Scientific Company, 
2830 Jefferson, St. Louis, Missouri. 
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run through the column and the capacity again checked. However, the 
above conditioning schedule allows a margin of safety in reaching the 
designated standards in our laboratory. 

If the resin meets capacity specifications, the resin in the conditioning 
column should be washed with distilled water until 5 ml. of the effluent, 
on titration, give less than 1.0 ml. with 0.003 m thiosulfate after the re- 
agents described below are added. Then the column of resin is washed 
with 2 liters of 0.0015 m KIO; and stored in this solution at room tempera- 
ture. We have observed no instability of the resin after storage up to 6 
months and would not expect any after this. If one begins with the resin 
in some other form, such as chloride, great difficulty is encountered in 
conditioning. 

Preparation of Column—The bottom 2 “em. of the tube are loosely 
plugged with Pyrex glass wool unless a special column with sintered glass 
is being used. This should be done with the tube filled with water in order 
to prevent bubbles of air from being trapped in the glass wool. The column 
is filled with 0.0015 m KIOs, and the conditioned resin is poured in the cup 
and allowed to settle in the column until 7 or 8 cm. of the column are filled 
with the resin. A small piece of glass wool is loosely packed on the top of 
this. A column of this size can be used for fifteen individual determina- 
tions as described below before refilling with resin. 

Once the columns are filled, the resin is never allowed to become dry 
and is always kept in contact with solutions approximately 0.0015 m. To 
store a column overnight, 0.0015 m KIO; is poured into the cup. A piece 
of rubber tubing is placed over the bottom and then clamped, and the top 
is covered or loosely stoppered. If this is not done, the column will drain 
down below the resin and air bubbles will be introduced. These may cause 
errors due to channeling of solutions that are poured through the column. 
If the rubber tube is first clamped and then placed over the bottom of the 
tube, air will likewise be introduced. Also, if the column is tightly stop- 
pered at the top, air is easily drawn into the bottom of the column when 
the stopper is removed. (A column with a glass stop-cock at the bottom 
is much more convenient, but is not essential.) 


Procedures 


Titrimetric Determination of Total Base of Unashed Serum or Standard 
Solutions—Make a 1:100 dilution of fresh serum or standard solution to 
be determined. 1 drop of caprylic alcohol may be added to prevent foam- 
ing of protein solutions. If the serum has not been properiy refrigerated, 
ammonia from bacterial decomposition gives high results. If the column 
has just been filled, or has not been used for 12 hours, it should be washed 
with 30 ml. of 0.0015 m KIO; before use. If it is not a new column, this 
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will count as two determinations on the column in calculating use before al 
exhaustion. Pour 10 ml. of the diluted solution through the column, dis. _ 


carding the effluent. Then pour 7 ml. more of the same solution through 5 mi 
the column; the effluent is collected. of 8 

A 5 ml. aliquot of the effluent is transferred to a 125 ml. Erlenmeyer flask, vee 
and approximately 200 mg. of sodium iodide and 0.5 ml. of 0.3 m phosphoric pn 
acid are added. The free iodine liberated is then titrated with 0.003 y 0.00 
thiosulfate with potato starch as an indicator. We have observed better pares 
end-points with potato starch than with other starches. The detailed met 
advantages of potato starch are given by Fales and Kenny (2). Better ee 
end-points are observed if the starch is added near the end of the titration, ra 


The 0.0015 m sodium chloride standard, prepared from the 0.15 m so 
dium chloride with the same deionized water that was used in preparing the 266 
sample, is then run on the same column. The result obtained on titrating 
a 5 ml. aliquot of this effluent is theoretically 15 ml. In practice this 
amount may vary from 14.9 ml. to 15.4 ml. If the amount is over 15) 
ml., the difference is subtracted from that of the sample; if the figure for 
the standard is less than 15.0 ml., the difference is added to the value of 
the sample. If, on titration withthe standard, values below 14.9 ml. o 
above 15.4 ml. are obtained, this is evidence that either the resin is im- whe 
properly prepared or the deionized water is not sufficiently purified. - 

Calculations—The titrimetric method is so devised that 1 ml. of 0.003 u 
thiosulfate represents 10 m.eq. of total base per liter in the original sample. 
Then 10 m.eq. per liter per ml. multiplied by the number of ml. used in | whe 
the titration of the sample, corrected for the error in the titration of the | Nat 
standard, equal the number of milliequivalents of total base per liter. 

Titrimetric Determination of Total Base of Ashed Samples—1 ml. of serum 
is transferred to a Vycor crucible with 1 ml. of 4 .N sulfuric acid and charred 

‘ over a steam bath for at least 2 hours. It is then transferred to a cold 
muffle furnace and the temperature brought to 500—-550° over a 2 hour 
period. The slow rise in temperature prevents spattering as the sulfuric 
acid fumes. This temperature is maintained for 5 hours or longer if the } peg 
ash is not white. This differs from Hald’s ashing procedure in that no ] 
ferric sulfate is added. The ash is dissolved in 100 ml. of deionized water, | beg 
and the solution is run on the columns as described above. I). 

Ashing methods with perchloric acid or other such substances would be 4+ 
theoretically permissible if such agents were completely removed prior to } ger 
the dilution of the ash. These have not been tried in our laboratory. Th 

Colorimetric Method—The iodometry of this method can be carried out | wa 
colorimetrically by using the principle of Stiff (3), in which a portion of | jpt 
the iodate is removed by thiosulfate and the remainder determined color- ser 
metrically. The procedure for such a determination is as follows: A4ml. | ey 
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aliquot of the effluent is transferred to a clean, dry, 20 ml. test-tube, and 
5 ml. of phosphotungstic acid, 5 ml. of 0.006 m thiosulfate, and 200 mg. 
of sodium iodide are added. The protein is precipitated by the phos- 
photungstic acid if the sample is an unashed serum and must then be re- 
moved by centrifugation at 2000 r.p.m. for 2 minutes. Samples and a 
0.0015 m sodium chloride solution are prepared simultaneously and com- 
pared on a colorimeter at 420 my within 2 hours. Since the colorimetric 
method is so devised that 1 ml. of 0.006 m thiosulfate represents 25 m.eq. 
of base per liter in the original sample, then one has removed the iodine 
corresponding to 125 m.eq. of base per liter. The 150 m.eq. standard 
then has iodine remaining in an amount corresponding to 25 m.eq. of base 
per liter in the original sample. Stability of iodine solutions is described 
in detail by Van Slyke and Hiller (4). Charts showing the conformity to 
Beer’s law are given by Stiff (3). 
Calculations 
25Lu 


— + 125 = m.eq. total base per liter 


where 125 is the number of milliequivalents of base per liter corresponding to the 
iodine removed by the thiosulfate and 
25Lu 
Ls 





= remaining m.eq. per liter 


where Lu = (2 — log G) for the serum, Ls = (2 — log G) for a standard of 0.0015 m 
NaCl, and G = the galvanometer reading in per cent transmission. 


Results 


Standard Solutions—To test the stoichiometric reaction of the columns, 
standard solutions of sodium chloride, potassium chloride, calcium chloride, 
magnesium chloride, sodium carbonate, sodium bicarbonate, diabasic 
sodium phosphate, and sodium salicylate were run. A summary of the 
results with these solutions is given in Table I. 

Reproducibility and Accuracy—Pipetting errors and titration errors have 
been determined by replicate titrations on 0.0015 m potassium iodate (Table 
I). The standard deviation of a value obtained by a single titration is 
+0.21 m.eq. per liter. The standard deviations of the results on nine 
series of standard solutions varied from +0.22 to +1.76 m.eq. per liter. 
The standard deviation of the results on an unashed plasma run nine times 
was +0.75 m.eq. per liter. This would indicate that the columns may 
introduce greater errors in the results than the titrations would. Some 
serum samples containing hemoglobin because of hemolysis of erythro- 
cytes showed greater variations in replicate samples. This was attributed 
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to the difficulty in determining the end-point in the presence of the color 
imparted by the hemoglobin. 

For research work, it is recommended that one sodium chloride standard 
solution be run on each column for every two determinations. The varig. 
tion in titrations of standard solutions showed a range of 14.90 to 15,05 
ml. in a typical day’s determinations in this laboratory. The variation 
was no more from column to column than in replicate determinations made 
on a single column until the column was exhausted. 

The results of the method with the ashing procedure were compared 
with those obtained by the ashing procedure of Hald (5). The total base 


TABLE I 
Results on Unashed Standard Solutions 











| 

Salt determined | Ps... 2. Concentration —— by titra 

m.eq. per I. m.eq. per l. m.eq. per |. 
NS pone 10 150.0 | 0.21 | 150.0 + 0.07 
| Rear 8 150.0 | O.51 | 151.1 + 0.18" 
| 15 120.0 | 0.73 119.7 + 0.19 
Sere 7 160.0 | 0.38 | 159.4+40.14 
Na:CO; | 4 150.0 | 0.57 | 150.7 + 0.28 
nn, vieccon'cs | 4 100.0 | 0.95 99.7 + 0.48 
PR ane 5 100.0 1.76 100.3 + 0.80 
RE Fo sst Orcas naive 6 100.0 0.37 | 99.9 + 0.15 
CaCl. 4 95.7 0.73 | 94.4 + 0.36 
NEES DRE Sete e 4 102.4 | 0.60 102.6 + 0.30 
Sodium salicylate........ 4 150.0 0.22 150.2 + 0.11 








* Not corrected for column error, as the results obtained on this standard solution 
‘are used to determine the column error. 


of the ash was determined in each case with the aid of the columns after 
dissolving the ash in 100 ml. of deionized water. Since theoretically in 
Hald’s method all cations are converted to sulfates, and since sulfate solu- 
tions react stoichiometrically on the column, this determination of the sul- 
fate in Hald’s method seems justified. 

The comparison was made because of the possibility that our ashing 
procedure would convert phosphates to the insoluble meta- and pyrophos- 
phates, thereby yielding low values. In Table II the results obtained with 
these methods are compared. Averages of quadruplicate titrations are 
compared to minimize volumetric errors and give a more accurate compati- 
son of the results of the ashing procedures themselves. The values ob- 
tained with our ashing methed averaged slightly, but not significantly, 
higher. The average value obtained with the Hald ashing method, fol- 
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lowed by conversion of sulfates to iodates, was 150.66 m.eq. per liter for 
normal persons and 147.29 m.eq. per liter for hospital patients. These 
values are higher than the average value of 144.3 m.eq. per liter obtained 
by Sunderman (6) on forty-seven different samples by the method of Hald. 

The ashing procedure then gives values within 1 per cent of those ob- 
tained with Hald’s method of ashing. The results of ashing standard solu- 
tions are similarly within 1 per cent of the theoretical values. However, it 
should be pointed out that Consolazio and Talbott (7) tested many methods 
for total base and found all in agreement with their method of electrodialy- 
sis except that of Hald. Their results by her method averaged 147.6 m.eq. 
per liter, and their results with the electrodialysis method averaged 153.2 
m.eq. per liter on thirteen hospitalized patients. However, whether this 
error is produced in the ashing, or is in some later step in Hald’s procedure, 
has not been determined. 

When the columns have not been used for 8 hours or longer, a 0.0015 
u solution of either NaCl or KIO;, when passed through the column and 
then titrated, gives results which are 0.3 to 0.5 ml. above subsequent re- 
sults on the same solution. Theoretically, this excess may be due either 
toa very slow and slight solubility of the resin or to a slow hydrolysis of 
iodate from some of the weak reacting groups of the resin. Prewashing of 
the resin with 0.0015 m KIO; avoids this excess. 

Error Due to Protein—Protein molecules are too large to become at- 
tached to the reacting groups of the resin and for this reason appear in the 
effluent. Some of the cations are then present as cation proteinate instead 
of cation iodate, and therefore the results on these unashed samples will 
be low. Precipitation of the protein before the reaction with the resin is 
impractical because it would add interfering substances to the solution. 
Results of replicate determinations made on dog serum following sample 
dilution averaged 4.7 m.eq. per liter lower than those obtained after ashing. 
A similar average difference in results obtained by these two methods was 
observed in determinations on sera from eleven normal males and females 
and on eight hospitalized patients (Table II). However the range of the 
differences was from 0.7 to 8.8 m.eq. per liter. This difference is of the 
order of magnitude that would be expected at the pH of the effluent (pH 
5.5 to 6.0) if one extrapolates the data of Van Slyke et al. (8). 

The correction factor of 4.8 m.eq. per liter added to the result of the 
determination by simple dilution of the serum gives an approximation of 
the value as determined on ashed serum. In seventeen of a series of twenty 
sera obtained from patients, the difference in values for total base deter- 
mined by the two methods fell within 4.8 + 3 m.eq. per liter. Since 3.0 
m.eq. per liter is a 2 per cent error on a 150 m.eq. per liter sample, the 
value after introduction of the correction factor seldom differs by more 
than 2 per cent from that obtained after ashing. 
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In managing patients with disturbed water balance, it would be ad. 0.17 
vantageous if this correction factor remained constant in a patient from men! 
one sample to another. Preliminary studies show little change of this resp 
factor from the preoperative to the postoperative state on five patients, wou 
colo! 
TaBLe II T 
Comparison of Results on Determinations on Serum Samples by Three Methods give 
le | =: =e 
S | Serum ashed 
Sample |Serum diluted| ashe mith with HsSOs + colo 
No. 1:100 H2SO4 (Hald (5)) 
(A) (B) (A — B) (C) (B -C) 
m.eq. perl. | m.eq. perl. | m.eq. perl. | m.eq. perl. | m.eq. perl, pes 
Normal 1 145.3 148.2 —2.9 147.0 +1.2 
2 144.4 150.2 —5.8 148.8 +1.4 
3 153.1 153.8 —0.7 156.6 —2.8 Tae 
4 148.4 151.3 —2.9 150.0 +1.3 
5 | 147.1 | 152.0 | -4.9 | 153.6 | -1.6 P 
6 146.9 152.8 —5.9 150.5 +2.3 
7 148.3 154.0 —5.7 153.4 +0.6 
8 142.9 150.7 —7.8 149.0 +1.7 
9 | 144.5 | 150.1 | -5.6 | 148.7 | 414 
10 143.5 149.7 —6.2 149.0 +0.7 
ll 148.4 152.7 —4.3 
DEE At. cee eS eaeuas 146.62 151.41 —4.79 150.66 +0.62 
Hospital patients 1 144.3 145.4 —1.1 147.9 —2.5 
2 145.6 149.9 —4.3 150.6 —0.7 
3A 145.1 150.8 —5.7 144.6 +6.2 
3B 141.4 146.3 —4.9 143.6 +2.7 
4 143.9 152.7 —8.8 153.2 —0.5 ea 
5 144.6 150.8 —6.2 148.7 +2.1 
| 6 143.5 146.9 —3.4 148.4 —1.5 the 
7 137.3 141.4 | —4.1 144.1 —2.7 rep 
um 139.3 144.4 | -5.1 144.5 —0.1 
' | 
isiidiialansiteiecooaih : | I SAARIUEES: RS 
Average. ................| 142.78 | 147.62 | -4.84 | 147.29 | +0.38 
ee ae 
However, three diabetics studied during active treatment of severe acidosis os 
or coma showed wide variation of this correction factor, but the variation f 
was within the limits noted in Table II. ; ( 
Colorimetric Procedure—A Beckman model B spectrophotometer is used - 
in our laboratory. When the instrumental error was evaluated on replicate th 
determinations with standard solutions as described by Ayres (9), this nh 
error was found to average +0.77 per cent at 77 per cent transmission and ne 
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0.17 per cent at 25 per cent transmission. This gives an average instru- 
mental error of +1.1 m.eq. per liter and +0.2 m.eq. per liter at these 
respective ranges. Without the addition of thiosulfate, greater dilution 
would be necessary to bring the solution into the reading range of the 
colorimeter, and these errors would be 6 times as great. 

The agreement of results by the titrimetric and colorimetric methods is 
given in Table III. This agreement is consistent with the observed errors 
in the titrimetric procedure and the calculated instrumental error in the 
colorimetric procedure except in one determination. In this instance 








Taste III 
Comparison of Results of Colorimetric and Titrimetric Methods 
Sample No Titrimetric Colorimetric 
| (A) (B) (B — A) 
_ | m.eq. per |. m.eq. per |. m.eq. per I. 
Plasma diluted 1:100 1 145.8 143.2 —2.6 
2 142.5 142.4 —0.1 
3 147.7 155.8 +8.1 
150.3 +2.6 
Ashed plasma 1 147.6 147.5 —0.1 
147.8 147.8 0.0 
148.6 148.5 —0.1 
2 149.3 149.5 +0.2 
151.3 150.0 —1.3 
3 150.2 149.2 —1.0 
148.9 150.0 +1.1 
4 149.2 149.0 —0.2 
150.2 149.5 —0.7 
5 147.4 147.1 —0.3 
146.2 147.9 +1.7 

















there was only sufficient sample to check in duplicate, and both values are 
reported. 


SUMMARY 


A resin-iodate method for the determination of total base of serum is 
described. This method may be used on unashed serum or on ashed 
samples. In unashed sera, the results average 4.8 m.eq. per liter lower 
than the results on serum determined by the ashing method. The value 
after the introduction of the correction factor of 4.8 m.eq. per liter varies 
3.0 m.eq. per liter or less from the value obtained on the same serum 
after ashing in seventeen out of twenty determinations. A comparison of 
the results by our ashing method with the results obtained by the ashing 
method of Hald shows good agreement. The standard deviation of the 
results by our method is +1.6 m.eq. per liter. 
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THE PHOTOSYNTHETIC METABOLISM OF ACETONE 
BY RHODOPSEUDOMONAS GELATINOSA* 


By JACK M. SIEGEL 


(From the Department of Biochemistry, School of Medicine, and the Institute of Science 
and Technology, University of Arkansas, Little Rock, Arkansas) 


(Received for publication, October 15, 1953) 


The author has previously reported (1) that acetoacetate is an inter- 
mediate in the metabolism of acetone by the photosynthetic bacterium 
Rhodopseudomonas gelatinosa (Equation 1). The conclusion was based pri- 


CH;COCH; + C*O. — CH;COCH.C*OOH — 2CH;C*OOH (1) 


marily on the adaptive enzyme patterns displayed by the bacterium. Sub- 
sequent to these studies Sakami (2) reported that, in the intact rat, ace- 
tone underwent oxidative cleavage to form C, plus C,; fragments, pre- 
sumably acetate and formate (Equation 2). An oxidative cleavage of 
acetone also was implied by the finding of Levine and Krampitz (3) that 


CH;COCH; — CH;COOH + “HCOOH” (2) 


acetol was an intermediate in the metabolism of acetone by an unidentified 
soil diphtheroid. Because of the divergence of these results from those pre- 
viously reported for R. gelatinosa, the photosynthetic metabolism of ace- 
tone was reinvestigated by means of a more direct approach. 

In addition to the two pathways indicated above, a third variation is 
postulated in which cleavage of acetone to C2 plus C; fragments is followed 
by condensation of the C; fragment with CO, to form another C, compound 
(Equation 3). Of the three pathways under consideration only the first 

CH;COCH; — CH;COOH + C, iE CH;C*OOH (3) 
and third would result in the direct incorporation of CO, into the carboxyl 
group of acetate, and only the first pathway would result in the direct 
incorporation of CO, into acetoacetate. The results of the present investi- 
gation indicate that the first pathway is the one followed during the photo- 
synthetic metabolism of acetone by R. gelatinosa. 


Methods 


Preparation of Cells—The bacteria were grown in the manner previously 
described (4), except that the basal medium was supplemented with 0.02 
* Research paper No. 993, Journal Series, University of Arkansas. This investi- 


gation was supported in part by a contract with the United States Atomic Energy 
Commission (No. AT (40-1)-1077). 
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per cent Difco yeast extract to accelerate growth. Unless otherwise speci. 


: illa 
fied, approximately 0.2 per cent acetone was present as the substrate. The . 


cells were harvested by centrifugation after 48 to 72 hours incubation, a 
They were washed once or twice with either 0.01 m NaHCO; (pH 72 at a 
30° in equilibrium with 5 per cent CO.) or 0.05 m phosphate buffer at pH C 
7.0. The bacteria were resuspended in the appropriate buffer to a final cel] pot 
density of 6 to 8 mg. (dry weight) per ml. thin 

Manometric Measurements—aAll incubations were carried out at 30° in thin 
a rectangular Warburg apparatus with standard vessels. The gas phase ah 
was 5 per cent CO, in N2 unless specified otherwise. Illumination was pro- - 
vided by two banks of incandescent lamps placed directly over the War. pos 


burg vessels. Lamps of various wattages were used to obtain different 
light intensities. For simultaneous incubations at different light intensi- 
ties a single bulb was placed at one end of each bank. An approximate 
measurement of the light intensity at each vessel position was made by 
means of a Weston foot-candle meter. 

Preparation of Materials—Sodium acetoacetate was prepared from ethyl 
acetoacetate by the method of Ljunggren (5). Acetone-1-C was pre. 
pared by the vacuum pyrolysis of barium acetate-2-C™ (6) and purified 
according to the procedure described by Sakami (2). Labeled sodium bi- 
carbonate solution was prepared from BaC"“O; in a simple vacuum dif- 
fusion apparatus (7). 

Analytical Procedures—Volatile acids were isolated by steam distilla- 
tion in a semimicro all-glass distillation apparatus and titrated directly 
with standard 0.01 nN NaOH. Carbonic acid was continuously removed 
from the solution by passage of a rapid stream of CO.-free N». Formic oe 
acid was determined specifically by the ceric sulfate manometric method [ yes 
of Pickett et al. (8). Acetoacetic acid was determined manometrically by 

’ measuring the CO, evolved from the catalytic decarboxylation with aniline wa 
citrate (9). In some instances this analysis was performed directly on the du 
bacterial suspension. Acetone was determined iodometrically according 
to the method of Goodwin (10). 

Degradation of Labeled Compounds—<Acetone was degraded to acetate and | 
iodoform by the action of alkaline iodine solution (10). lea 

Acetate was converted to acetone by the procedure cited under prepara- du 
tive methods. The purified acetone was then degraded as above. In this ac 
case the iodoform contains the methyl carbon of acetate, and the acetate ac 
derived from acetone is equivalent in position of labeling to the starting 
material. su 

Acetoacetate was decarboxylated in a standard Warburg vessel. The ag 
volume of CO: evolved was determined and then absorbed in excess KOH liz 
introduced through the vent. The residual acetone was isolated by dis- sa 
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tillation and degraded as above. In this case the iodoform represents the 
average of the methyl and methylene carbons of acetoacetate and the 
acetate derived from the acetone represents, the carbonyl] carbon as well as 
the average of the methyl] plus methylene carbons of acetoacetate. 

C“ Assay—With the exception of iodoform, all samples were counted in 
a windowless gas flow proportional counter. Iodoform was assayed by a 
thin end window Geiger counter. Samples were prepared in the form of 
thin deposits on aluminum planchets, and observed activities were cor- 
rected for self-absorption. Carbon dioxide was deposited as BaCOs, iodo- 
form and insoluble cell material were counted directly, acetate was de- 
posited as the sodium salt, and acetone was degraded to acetate which 
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Fig. 1. Volatile acid accumulation during the photometabolism of acetone. Each 
vessel contained 14 mg. of bacteria, suspended in 2.0 ml. of 0.01 m NaHCO; solution, 
and 15 um of acetone. The reactions were terminated at the time indicated and the 
vessel contents analyzed for volatile acid and residual acetone. 


was assayed for C“. All samples were dried under an infra-red lamp, with 
due caution against evaporation in the case of iodoform. 


Results 


Accumulation of Acetate—In the course of preliminary studies it was’ 
learned that appreciable quantities of a steam-volatile acid accumulated 
during the metabolism of acetone. The course of acid accumulation during 
acetone metabolism is shown in Fig. 1. The results indicate that when the 
acetone was largely utilized the accumulated acid was rapidly metabolized. 

The volatile fractions from several reaction vessels were combined and 
subjected to Duclaux distillation. The Duclaux constants were in good 
agreement with those obtained from acetic acid. The combined neutra- 
lized distillates (130 um) were evaporated nearly to dryness, and the entire 
sample was analyzed first for formic acid. It was found that 1.1 um were 
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present, which amounted to less than 0.9 per cent of the total Volatile } tion 
acid. Next the remaining acid was recovered and subjected to partition | cell 
chromatography by means of a phosphate buffer Celite column (1 1). The T 
results, presented graphically in Fig. 2, established that acetic acid was the Facet 
only acid present in significant quantities. Steam-volatile acids of higher — (;s 
molecular weight than butyric acid would be eluted first. deh 
mal 
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Fia. 2. Chromatographic analysis of volatile acid fraction. A single 8 gm. Celite h 
column, buffered at pH 6.5, was used in these analyses. Upper section, composite = 
of elution curves for 50 uM each of acetic, propionic, and butyric acids. Lower sec- me 
tion, elution curve for 40 uM of volatile acid fraction from the photometabolism of 
acetone. tio 
an 
Cause of Acetate Accumulation—The discovery that acetate accumulated ac 
during the metabolism of acetone was contrary to previous experience (1). Tl 
In fact, the accumulation of molar quantities of a normal metabolite during in 
the photometabolism of the Athiorhodaceae has not been reported pre- rel 
viously (12). Because of the uniqueness of this observation additional ap 
studies were undertaken to establish the cause. liz 
The possibility that acetate metabolism was inhibited by acetone was 
investigated with bacteria not adapted to the utilization of acetone. These ac 
were obtained by growing them on acetate instead of acetone. The addi- th 
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tion of acetone had no effect on the rate of acetate metabolism by resting 
cell suspensions derived from such cultures. 

The possibility remained that products formed during the metabolism of 
acetone might be inhibitory. Conceivably these could arise from a C,- 
(, split, as indicated in Equations 2 and 3. Both formic acid and formal- 
dehyde were tested for inhibitory action. Formate had no effect, but for- 
maldehyde was found to be highly inhibitory. Thus an initial concentra- 
tion of 0.005 m formaldehyde caused a 75 per cent inhibition of acetate 
utilization. However, the addition of formaldehyde, in the presence or 
absence of acetate, resulted in the production of formic acid. In a typical 
experiment 10 um of formaldehyde in 2 ml. of suspension gave 5.3 uM of 
formic acid during a 5 hour incubation period. The formation of formic 
acid from formaldehyde, but not from acetone, indicated that the in- 
hibitory effect of formaldehyde was not related to the accumulation of 
acetate from acetone. 

A systematic investigation of environmental factors revealed that at 
very high light intensities acetate accumulation was decreased or com- 
pletely absent. This phenomenon was investigated in a more quantitative 
manner by exposing a series of replicate bacterial suspensions simultan- 
eously to different light intensities. A bicarbonate buffer was used, and 
the initial concentration of acetone was increased so that it would not 
influence the rate of acetate accumulation during the early stages of the 
reaction (see Fig. 1). 

The reactions were followed manometrically and were terminated when 
the apparent rate of CO, evolution or uptake began to deviate from a con- 
stant value. Under these conditions the observed manometric changes 
represent a balance between CO, consumption due to acetone metabolism 
and the displacement of CO, from the bicarbonate solution due to acid 
accumulation. Thus, under a given set of conditions, the manometric 
changes reflect the rate of accumulation of acetic acid relative to the 
metabolism of acetone. 

Acetic acid was determined by two independent methods: (1) by titra- 
tion of the steam-volatile acid fraction and (2) by determination of the 
amount of CO, displaced from the bicarbonate buffer. The amount of 
acetone metabolized was calculated from the amount of CO. consumed. 
The ratios of acetate accumulated to acetone metabolized at different light 
intensities are plotted in Fig. 3. The results clearly indicate that the 
relative accumulation of acetate increases at lower light intensities and 
approaches a value of 2 moles of acetate for each mole of acetone metabo- 
lized. 

Formation of Labeled Acetate from Acetone-1-C'—The accumulation of 
acetate during the metabolism of acetone is strong presumptive evidence 
that the acetate is derived from acetone. Direct evidence was provided by 
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incubating resting cells suspended in bicarbonate buffer in the presence of } incu 
acetone-1-C'*. The suspensions were exposed to moderately low light } and 
intensities, and hence acetate accumulated in the medium, making it up. | was 
necessary to add acetate as a trapping agent. Thus the specific activity J reac 
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Fig. 3. The effect of light intensity on the relative accumulation of acetate. Each th 
vessel contained 12 mg. of bacteria, suspended in 2.0 ml. of 0.01 m NaHCO; solution, : 
and 30 uM of acetone. The Warburg vessels were incubated simultaneously at dif- 
ferent light intensities for periods of 3 to 8 hours, depending on the intensity. ph 
lal 
of the acetate could be compared directly with the specific activity of Wi 
the acetone. Regardless of which mechanism is involved, the direct for- lig 
mation of acetate from acetone-1-C" should yield acetate having a molar to 
specific activity equal to one-half the molar specific activity of the acetone. li 
The results presented in Table I are in good agreement with this value. ve 
Incorporation of CO. into Acetate—The extent of incorporation of C0; te 
into acetate during the photometabolism of acetone was determined by ol 








Yim 


ence of 
W light 
z it un 
Activity 


. Each 
olution, 
at dif- 


vity of 
et for- 
molar 
-etone. 

ue. 

of CO; 

ed by 





J. M. SIEGEL 211 


incubating resting cells suspended in phosphate buffer with labeled CO, 
and ordinary acetone. The indirect incorporation of CO: into acetate 
was determined by adding acetate in place of acetone and terminating the 
reaction when approximately one-half of the acetate had been metabolized. 

The vessels were flushed with pure Ne, and the labeled NaHCO; solu- 
tion was added to one side arm just prior to closing the vent. The reac- 
tions were terminated after 3 hours of incubation by tipping in H;PO, from 
the second side arm, and the liberated CO, was absorbed in excess 10 per 
cent KOH introduced into the first side arm through the vent. The KOH 
plus absorbed CO. was removed by means of a syringe equipped with a 
curved needle, and the dissolved carbonate was precipitated by the addi- 
tion of BaCl, solution. 


TABLE | 
Photosynthetic Conversion of Acetone-1-C' to Acetate* 





| Ratio of activities 





Experiment No. Acetone Acetate accumulated acetate 
acetone 
—- wwe | me | one | | 
1 214 13.4 83 0.39 
2 214 | 6.1 | 92 0.43 





* Each reaction vessel contained 14 mg. of bacteria suspended in 2.0 ml. of 0.01 
m NaHCO;. About 30 um of acetone-1-C™ were added initially, and the reaction 
was terminated after one-third to one-half of the acetone was metabolized. The 
vessels were exposed to low light intensities of 300 to 400 foot-candles. 


As in the previous experiment, the suspensions were exposed to moder- 
ately low light intensities, and so acetate accumulated in the medium. If 
the reaction proceeded according to Equation 1 or 3, the specific activity 
of the acetate on a molar basis should be equal to one-half the specific 
activity of the CO... The results presented in Table II indicate that this 
was actually the case. In addition, degradation of the acetate revealed 
that more than 99 per cent of the activity resided in the carboxyl carbon. 

Incorporation of CO, into Acetoacetate—Resting cells suspended in phos- 
phate buffer were permitted to metabolize ordinary acetoacetate and 
labeled CO in the presence and absence of acetone. The same procedure 
was followed as in the previous experiment, except that moderately high 
light intensities were used. Incubation was terminated by acidification 
to pH 4 when approximately one-half of the acetoacetate had been metabo- 
lized. The residual CO. was absorbed in excess KOH added through the 
vent, and, after its removal from the Warburg vessel, the vessel was de- 
tached from the manometer, and remaining traces of C“O. were flushed 
out by bubbling 5 per cent CO, in Nz through thesuspension. The vessels 
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were then reassembled with citric acid and aniline citrate, respectively, in 1B, 
the two side arms, and the residual acetoacetic acid was degraded directly The 
in the bacterial suspension. The specific activity of the products derived by 
from the acetone moiety of acetoacetate was corrected for the unmetabo. | je, 
TaBLeE II lize 
Incorporation of CO, into Acetate during Photometabolism of Acetone* tat 
re | si | : | Ratio of activities pe 

Additions Activity of COz: | Accumulated or residual acetate acetate 

COs me! 
C.p.m. per uM pM C.p.m. per uM Th 
30 um acetone 329 | 10.1 | 172 0.52 ace 
30 ‘‘ ” 329 16.0 143 0.43 tru 
37 ‘* acetate 338 11.5 3 0.009 abc 
ae si | 338 23.1 6 0.018 ser 

* Each reaction vessel contained about 15 mg. of bacteria suspended in 2.0 ml. of ace 
0.05 m phosphate buffer. The vessels were flushed with pure Ne, and 0.3 ml. of 0 wa 
M NaHCO; solution was tipped in after thermal equilibration. 1.7 

Tasue III 8 

Incorporation of C%Oz into Acetoacetate (AcAc) during Photometabolism of Acetone 

, | ro | Calculated | 
Boge | Addit | AE | SPREE | lta | thn | Eel Tg 
carboxyl 

| ac 

C.p.m. per uM | c.p.m. per pM C.p.m. per sa c.p.m. per al C.p.m. per ue an 

1A None 670 0 | 11 13 th 

1B Acetone 670 | «612 =| «(130 | 78 ‘ 
2A None 8 Soda ok a oh ee 

2B ? 361 Si ee Oe See = 

2C Acetone 394 87 | 87 | 9 | 62 Ww 

2D = 376 83 | 81 9 52 We 

* Each reaction vessel contained 16 mg. of bacteria, suspended in 2.0 ml. of 0.01 A 
M NaHCO; solution, and 0.2 ml. of 0.3 m sodium acetoacetate. Each vessel in Experi- 
ment 1 received 0.2 ml. of 0.001 m NaHCO; solution, and in Experiment 2 each 
received 0.1 ml. of the labeled bicarbonate. About 30 um of acetone were added as A 
indicated. 
lized portion of the original acetone. The acetic acid produced during the \ 
incubation also was isolated and assayed for C“. The data are summa- ' 
rized in Table ITI. 

In the absence of acetone (Experiments 1A, 2A, and 2B, Table III) i 
small but significant amounts of radioactivity were observed in the car- t! 
boxyl group of acetoacetate. In the presence of acetone (Experiments 
1B, 2C, and 2D), however, the specific activities were more than 10 times ‘ 
greater. Estimates were made of the C" dilution factors for Experiments ‘ 
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1B, 2C, and 2D based on the acetoacetate mechanism (Equation 1). 
These were calculated by dividing the micromoles of acetone metabolized 
by the total micromoles of acetoacetate present during the incubation; 
ie., micromoles of acetoacetate added plus micromoles of acetone metabo- 
lized. The activities predicted for the acetoacetate carboxyl carbon ob- 
tained from this calculation are listed in Table III, and the observed values 
are in good agreement. 

The incorporation of a small amount of activity in the control experi- 
ments suggested that the splitting of acetoacetate to acetate was reversible. 
Thus, the possibility remained that the CO, was first incorporated in 
acetate and subsequently incorporated into acetoacetate. If this were 
true, then the carboxyl and carbonyl carbons of acetoacetate should have 
about the same specific activity as the acetate. This was actually ob- 
served in the control Experiments 1A, 2A, and 2B. In the presence of 
acetone, however, the specific activity of the acetoacetate carboxyl carbon 
was about 10 times the specific activity of the carbonyl carbon and 1.4 to 
1.7 times the specific activity of the residual acetate. When the observed 
activities are corrected for the indirect incorporation of C observed in the 
control experiments, the latter ratios approach more closely the theoretical 
value of 2. 

Free Energies and Light Requirements of Individual Steps—The free ener- 
gies for the over-all conversion of acetone to acetate, and acetoacetate to 
acetate, were calculated from the free energies of formation of the reactants 
and products compiled by Burton and Krebs (13). The free energy for 
the conversion of acetone to acetoacetate was obtained by difference. The 
values were calculated for 25°, pH 7.0, 0.05 atmosphere of COs, and 0.01 m 
concentration of all other reactants. The values are listed below along 
with the appropriate equations. On the basis of this calculation one 
would predict that the conversion of acetone to acetoacetate should require 


Acetone (aqueous) + HCO; (aqueous) — 2 acetate (aqueous) + H+ (4) 
AF = —9 kilocalories 
Acetoacetate (aqueous) + H:O — 2 acetate (aqueous) + H+ (5) 


AF = —19 kilocalories 
Acetone (aqueous) + HCO; (aqueous) — acetoacetate (aqueous) + H.O (6) 
AF = +10 kilocalories. 


light under anaerobic conditions to provide the necessary energy, while 
the metabolism of acetoacetate should proceed in the absence of light. 
These predictions were tested by the following experiments. Resting 
cell suspensions in bicarbonate buffer were incubated in the presence and 
absence of acetoacetate under anaerobic conditions in the absence of light. 
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The course of the reaction was followed manometrically by the evolution 
of CO: from the buffer, and the reaction was allowed to go to completion, 
The volatile acid content was determined and identified as acetic acid 
It was found that 20 um of acetoacetate were utilized with the production 
of 37 um of acetate during a 3 hour incubation period. These results 
clearly indicate that the splitting of acetoacetate to 2 molecules of acetate 
is a spontaneous reaction. 

A similar experiment with ordinary acetone gave equivocal results be. 
cause the small amount of acid produced was approximately equal to the 
endogenous acid production and because direct analyses of acetone were 
not sufficiently accurate to detect small differences. The experiment was 
repeated with acetone-1-C™“ under the same conditions as above. The 


TaBLe IV 
Anaerobic Metabolism of Acetone-1-C™ in Light and Dark* 








ss Total ac- | 
Acetate ac- | Activity of tivity, all Acetone 


Illumination cumulated | acetone products |™etabolized 





C.p.m. 











oe perum | &Pm. | uM 
SEER ne Sa eae 5.8t 214 | 4 | O2 
Dim light (250 ft.-candles)................ | 13.4 | 214 1985 9.3 
Moderate light (450 ft.-candles)..... ...| 6.1 | 214 | 3148 14.7 








* All reaction vessels contained 2.0 ml. of a resting cell suspension in 0.01 
M NaHCO; and 30 uo of acetone-1-C'*. The suspensions were incubated simultane. 
ously and terminated at the same time. The dark vessel was wrapped with two 
layers of aluminum foil. 

tT Not identified as acetic acid. 


residual acetone was completely removed by distillation from the slightly 
alkaline solution, and the remaining fractions were assayed for C™. The 
results are presented in Table IV. Approximately 6 um of an unidentified 
volatile acid accumulated in darkness, but only 44 ¢.p.m. were observed 
in all metabolic products. Division of this activity by the molar specific 
activity of acetone (214 c.p.m. per uM) indicated that 0.2 um of acetone 
was metabolized. This small amount is believed to have been caused by 
exposure of the suspension to some light while the reaction vessels were 
being prepared. By comparison, 9.3 um of acetone were metabolized in 
dim light during the same period, and 14.7 um of acetone were metabolized 
in moderate light intensity. 


DISCUSSION 


The foregoing experiments indicate that the photosynthetic conversion 
of acetone to acetate by R. gelatinosa takes place by way of the following 
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two reactions: (1) the condensation of acetone and COs: to form acetoace- 
tate and (2) the splitting of acetoacetate to acetate. The initial step con- 
stitutes a photosynthetic fixation of CO, with acetone as the acceptor. 
Although this reaction does not involve reduction of the COs, in the usual 
sense of the term, it does have a positive free energy which can be satisfied 
by light. 

Van Niel has stated that the primary function of light in bacterial photo- 
synthesis is to supply active hydrogen for the reduction of CO» (12, 14). 
It is presumed that the active hydrogen originates from the photolysis of 
water and is the obligatory hydrogen donor for COs. 

In view of the present findings it must be recognized that in bacterial 
photosynthesis there are energy-requiring reactions other than those in- 
volving reductions. Thus the possibility must be considered that there 
are two functions of light, the production of active hydrogen and the forma- 
tion of some generalized chemical form of energy which can be used for 
various synthetic reactions. At the present time it is not possible to 
evaluate the fraction of radiant energy used for each function, although it 
is apparent that the nature of the substrate can influence this division. 

The discovery that acetate accumulated during the metabolism of ace- 
tone at low light intensities is of practical as well as theoretical interest. 
In the present instance this phenomenon simplified the determination of 
the metabolic pathway for acetone. The possibility that similar situations 
may exist for other substrates is being investigated. 

Finally, the finding that a very small fraction (about 10 per cent) of 
the acetate produced is metabolized at very low light intensities means that, 
for all practical purposes, the photosynthetic conversion of acetone to ace- 
tate may be considered an isolated, well defined photosynthetic reaction. 
This system should be of considerable value in further studies on the 
mechanism of bacterial photosynthesis. 


SUMMARY 


Acetate was found to accumulate during the photosynthetic metabolism 
of acetone by Rhodopseudomonas gelatinosa, and the relative accumulation 
was shown to be a function of the light intensity. 

The pathway of acetone metabolism was investigated with C'-labeling 
techniques; the results indicate that acetone condenses with CO, to form 
acetoacetate, which is then split to acetate. It was shown that the initial 
condensation has a positive AF and requires light, while the splitting of 
acetoacetate has a negative AF and proceeds spontaneously in the absence 
of light. 

These findings are discussed in relation to the mechanism of bacterial 
photosynthesis. 
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DEGRADATION OF SUBSTITUTED PYRIMIDINE 
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It has been shown previously that hydroxyuridine competitively inhibits 
the growth of purine-requiring mutants of Escherichia coli (1). However, 
the inhibition is ultimately overcome, presumably because of the destruc- 
tion of hydroxyuridine. It was of interest to determine whether the in- 
hibitor is, indeed, degraded, and, if so, what structural changes produce 
the loss of inhibitory activity. In addition to hydroxyuridine, the study 
was broadened to include other substituted pyrimidine rucleosides and 
pyrimidine bases. These were added to resting cell suspensions of E. coli 
and Bacillus subtilis; the oxygen utilization resulting from their presence 
was determined, and in some instances the products of the oxidations were 
characterized. 


Materials and Methods 


Materials—The substituted nucleosides studied were 5-formamidour- 
idine (ribofuranosyl-5-formamidouracil), 5-bromocytidine (ribofuranosy]- 
5-bromocytosine), 5-chlorocytidine (ribofuranosyl-5-chlorocytosine), 
5-hydroxyuridine (ribofuranosyl-5-hydroxyuracil), 5-chlorouridine (ribo- 
furanosyl-5-chlorouracil), 5-bromouridine (ribofuranosyl-5-bromouracil), 
5-methyluridine (ribofuranosylthymine), 5-methyleytidine (ribofuranosyl- 
5-methyleytosine), arabinopyranosylthymine, arabinopyranosyluracil, gal- 
actopyranosyluracil, and ribopyranosyluracil. The first three compounds 
were synthesized by procedures to be described later, the others by avail- 
able methods (2-5). 

Cultwres—The organisms used were E. coli K-12, E. coli M6386 (a pyrimi- 
dineless mutant), E. coli M45B4 (a purineless mutant), and a stock strain 
of B. subtilis. The E. coli mutants were supplied by Dr. B. D. Davis, 
Tuberculosis Research Laboratory, New York. £. coli K-12 was cultured 
on a glucose-salts-agar medium (6), the Z. coli mutants on the same medium 


*This work was supported by a research grant from the National Institutes of 
Health, United States Public Health Service. 
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appropriately supplied with either uracil or adenine. B. subtilis was 
maintained on a stock medium of the following composition: 2.0 gm. of 
glucose, 1.0 gm. of NH,NOs, 0.01 gm. of CaCl, 0.01 gm. of NaCl, 0.05 gm. 
of MgSO,, and 0.1 gm. of casein hydrolysate per 100 ml. of medium. 
Manometric Procedures—Resting cell suspensions were used in all mano- 
metric experiments. After 18 hours growth at 37°, the cells were har- 
vested by centrifugation, washed three times with 0.05 m phosphate buffer, 
pH 7.0, and resuspended in buffer to constant turbidity as measured with 


stock 


| well. 


a Klett-Summerson colorimeter, red filter No. 66. Oxygen uptake values | 


were determined at 37° by conventional Warburg techniques. 

Analytical Methods—Pentose was determined by the orcinol method of 
Mejbaum as modified by Paege and Schlenk (7). Chromatographic sepa- 
ration and identification of pyrimidine bases and nucleosides were carried 
out by the procedures of Vischer and Chargaff (8). 


Results 


E. coli—Table I illustrates the oxygen uptake obtained with resting cell 
suspensions of E. coli K-12 and E. coli mutants upon the substrates tested. 
5-Hydroxyuridine, 5-chlorouridine, 5-chlorocytidine, 5-bromocytidine, and 
5-formamidouridine were oxidized at approximately the same rate and to 
the same extent as uridine and cytidine. Oxidation occurred without any 
lag. 5-Methyluridine, 5-methylcytidine, the pyrimidine bases, and sub- 
stituted pyrimidine bases were not oxidized. Furthermore, EF. coli K-12 
failed to oxidize the pyranosyl nucleosides: ribosyluracil, galactosyluracil, 
arabinosyluracil, and arabinosylthymine. 

The oxidation of the substituted pyrimidine nucleosides always resulted 
in the appearance of the respective free base and the disappearance of 

‘free and bound pentose. Under anaerobic conditions both the free base 

and the free pentose were detected. The results of a typical aerobic experi- 
ment are illustrated in Fig. 1. The chromatogram was prepared from 
the supernatant material from a resting cell suspension of EZ. coli K-12 
which was allowed to oxidize 2 um of 5-hydroxyuridine in a Warburg vessel 
at 37° for 6 hours. The data show that 5-hydroxyuridine disappears 
completely from the incubation mixture and is replaced by 5-hydroxy- 
uracil at the end of the incubation period. No free or bound pentose was 
detected in the supernatant liquid. 

After incubation of the pyranosyl nucleosides with cell suspensions in 
Warburg vessels for 2 hours, paper chromatograms of the supernatant 
solution failed to reveal any free uracil or thymine, demonstrating that 
these nucleosides were not split by nucleolytic enzymes. Similar evidence 
showed that 5-methylcytidine and 5-methyluridine were not cleaved. 

B. subtilis—Resting cell suspensions of B. subtilis harvested from the 
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stock medium oxidized uridine, cytidine, and 5-hydroxyuridine equally 
well. However, in contrast to EF. coli, a lag period occurred with all three 


TaBLe I 
Oxidation of Pyrimidine Compounds by Resting Cell Suspensions of E. coli 


| 
| 





Oxygen uptake for 100 min. at 37°¢ 

















Substrates* | —_— i ~ 
E. coli K-12 E. coli M45B4 E. coli M6386 

ul. wl. | my 
LE ons biGiale ah oi <i ai ee us | 148 156 126 
cc knagai dennis nants des 138 146 133 
Hydroxyuridine............... i 142 146 152 
Chlorouridine..................... | 101 81 94 
Geemeeytidine................... | 78 74 77 
Bromouridine........... werent 92 116 122 
Bromocytidine........... de atta | 103 86 85 
Formamidouridine..... ee en 88 128 | 86 








Each Warburg vessel contained 2 uM of substrate and 1.0 ml. of cell suspension in 
a total volume of 2.0 ml. of 0.05 m phosphate buffer, pH 7.0, with 0.1 ml. of 10 per cent 
KOH in the center well. 

* The following compounds were not oxidized: uracil, hydroxyuracil, chlorouracil, 
aminouracil, cytosine, isocytosine, thymine, methyluridine, and methylcytidine. 
E. coli K-12 failed to oxidize ribopyranosyluracil, galactopyranosyluracil, arabino- 
pyranosyluracil, and arabinopyranosylthymine. The £. coli mutants were not 
tested on the pyranosyl compounds. 

t Each oxygen uptake value is an average of at least duplicate determinations 
corrected for endogenous respiration. 
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Fig. 1. Paper chromatograms of supernatant solution after oxidation of hydroxy- 
uridine by E. coli K-12. Flask contents as in Table I. Incubation time 6 hours. 
Spot 1, control, 1 um per ml. of hydroxyuracil; Spot 2, supernatant fluid from incu- 
bation mixture; Spot 3, control, hydroxyuridine 1 um per ml. Solvent, 6:1 butanol- 


0.1 s NH,OH. Zones indicate spots observed under a Mineralight ultraviolet 
lamp. 

















compounds which was eliminated when the resting cells were harvested 
from the same medium supplemented with 100 mg. per liter of uridine 
(Fig. 2). 

The addition of uridine to the stock medium of B. subtilis produced 


wim 
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a more striking result upon the oxidation of the pyranosy]l nucleosides, 
Whereas resting cell suspensions from the stock medium failed to oxidize 
ribopyranosyluracil, galactopyranosyluracil, arabinopyranosyluracil, and 
arabinopyranosylthymine within 200 minutes, cells harvested from a uri- 
dine-supplemented medium oxidized all of the substrates rapidly (Fig. 3), 
5-Methyluridine, 5-methylcytidine, uracil, thymine, and cytosine were not 
oxidized by B. subtilis harvested from either type of medium. 
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Fig. 2. Effect of uridine in the growth medium upon oxidation of uridine and 
cytidine by B. subtilis. @, uridine oxidation by uridine-grown cells; 0, cytidine 
oxidation by uridine-grown cells; V, uridine oxidation by glucose-grown cells; O, 
cytidine oxidation by glucose-grown cells. 4 um of substrate per flask, 1 ml. of cell 

‘ suspension, 10 per cent KOH in center well, 37°; total volume 2.1 ml. No endoge- 
nous respiration. 


Ribose oxidation by B. subtilis was also influenced by the presence of 
uridine in the growth medium. This organism harvested from stock me- 
dium oxidized p-ribose and p-ribose-5-phosphate with a lag similar to that 
encountered with uridine oxidation, whereas cells from uridine-supple- 
mented medium oxidized both p-ribose and p-ribose-5-phosphate imme- 
diately (Fig. 4). 

Paper chromatograins of supernatant solutions taken from Warburg 
vessels after oxidation of cytidine by B. subtilis failed to reveal any cy- 
tosine, but did show the presence of uracil. Thus cytidine degradation by 
this organism appears to proceed in the same manner demonstrated for E. 
coli and Lactobacillus pentosus (9), in which cytidine is deaminated to uri- 
dine prior to cleavage to uracil and reducing sugar. 
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Fic. 3. Effect of uridine in the growth medium upon the oxidation of pyranosyl 
ribosides by B. subtilis. @, ribopyranosyluracil oxidation by uridine-grown cells; 
O, arabinopyranosyluracil oxidation by uridine-grown cells; V, galactopyranosyl- 
uracil oxidation by uridine-grown cells; ©, arabinopyranosylthymine oxidation 
by uridine-grown cells; X, endogenous respiration and the oxidation of these sub- 
strates by glucose-grown cells. Conditions of the experiment as in Fig. 2, except 2 
um of substrate per flask. 

Fic. 4. The effect of uridine in the growth medium upon the oxidation of p- 
ne and ribose and p-ribose-5-phosphate by B. subtilis. @, p-ribose oxidation by uridine- 
vtidine grown cells; V, p-ribose-5-phosphate oxidation by uridine-grown cells; 0, oxidation 


lls; O, of D-ribose by glucose-grown cells; O, oxidation of p-ribose-5-phosphate by glucose- 
of cell grown cells. No endogenous respiration. Experimental conditions as in Fig. 2. 
ndoge- 

DISCUSSION 
— The inability of 5-hydroxyuridine to act as a permanent inhibitor of 


i ne the growth of EF. coli can be explained by the observation that this com- 
-o that pound is rapidly degraded to a non-inhibitory substituted pyrimidine base. 
upple- Furthermore, it is probable that the degradation of various substituted 
‘eae pyrimidine nucleosides depends on their susceptibility to nucleolytic en- 
zyme action, since the oxidation of these compounds always resulted in the 
arburg | *PPearance of the respective free base and the disappearance of free and 
ny cy- bound pentose. This concept is in accord with the studies of Lampen (10) 
‘ion by who reported that the rate of oxygen consumption observed with uridine 
for E. and cytidine was correlated with the rate at which they are cleaved by 
uae nucleoside phosphorylases of the organism. 

The data reveal further that in bacteria the relationship between the 
structure of the nucleoside molecule and its enzymatic degradation is in- 








one 





222 DEGRADATION OF PYRIMIDINE NUCLEOSIDES 


fluenced by several factors. The group on carbon atom 5 of the pyrimidine 
nucleus may be one, since 5-methylcytidine and 5-methyluridine were the 
only 5-substituted furanosyl nucleosides which were inactive substrates, 
However, in order to explain this result, more information regarding the 
exact structure of such compounds is necessary, since it has been shown 
(10) that the enzymatically formed riboside of thymine differs from syn- 
thetic ribofuranosylthymine. Although this would imply some chemical 
difference in structure between naturally occurring and synthetic nucleo- 
sides, the naturally occurring ribofuranosides have been shown to have the 
same configuration at the glycosidic center as synthetic ribofuranosides 
and the sugar residue of both is linked to the same nitrogen atom of the 
pyrimidine nucleus (11). The second factor involves the nature of the 
sugar moiety. Here it appears that furanosyl ribosides are preferentially 
attacked. Degradation of pyranosyl ribosides occurred only with B. sub- 
tilis grown in the presence of a stimulating substrate. Nevertheless, the 
large number of substituted furanosyl ribosides degraded by the bacteria 
studied indicates a relative non-specificity of their nucleosidases, a finding 
in accord with Friedkin’s (12) observations that numerous substituted 
uracil compounds react with ribose-1-phosphate under the influence of 
nucleoside phosphorylase of horse liver. 

The data concerning the metabolism of the pyrimidine bases and substi- 
tuted pyrimidine bases agree with the results of Paege and Schlenk (7) who 
showed that E. coli and Aerobacter aerogenes do not metabolize the pyrimi- 
dine nucleus except for the deamination of cytosine derivatives. This is 
in contrast to a soil bacterium (13) which readily oxidized all 5-substituted 
pyrimidines and other microorganisms that degrade pyrimidine bases (14, 

15). 


SUMMARY 


1. Resting cell suspensions of Escherichia coli and Bacillus subtilis oxi- 
dize several substituted furanosyl pyrimidine nucleosides, with the excep- 
tions of 5-methyluridine and 5-methylcytidine. 

2. Cell suspensions of FE. coli do not oxidize pyranosy! pyrimidine nucleo- 
sides. B. subtilis oxidizes these compounds after a short lag only when 
uridine is added to the growth medium. 

3. The oxidation of substituted pyrimidine nucleosides by B. subtilis 
and E.coli always resulted in the appearance of the respective free base 
and the disappearance of free and bound pentose. 


The authors wish to thank Mr. J. Hansen for technical assistance in some 
of the experiments. 
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STUDIES ON LACTIC DEHYDROGENASE OF HEART 
III. ACTION OF INHIBITORS 


By J. B. NEILANDS 
(From the Department of Biochemistry, University of California, Berkeley, California) 


(Received for publication, October 5, 1953) 


This report presents a continuation of our work (1-3) on Straub’s (4) 
crystalline lactic dehydrogenase' of heart. Most of the present studies 
have been carried out by measuring the following reaction from left to right. 


Pyruvate + DPNH + H* — lactate + DPN+ 


The equilibrium characteristics of this reaction are such that it can be 
conveniently studied, in the direction written, at neutral pH. Therefore, 
we have been able to carry out both the reactions of protein functional 
groups and the activity tests at pH 7.0. 

In contrast to many of the dehydrogenases, LDH has remained refrac- 
tory to the common enzyme inhibitors. In particular, many workers (5), 
including ourselves (2), have been unable to inhibit LDH with sulfhydry]l- 
binding reagents, and it has generally been assumed that thiol groups are 
not essential for its activity. In this work we have used Boyer’s (6) elegant 
new method for following the reaction of p-chloromercuribenzoate with 
protein sulfhydryl groups spectrophotometrically. The results indicate 
that LDH possesses thiol groups which are available for reaction with 
this reagent. 

A series of. compounds structurally related to pyruvate has been tested 
for activity or inhibition in the reduction of pyruvate by DPNH and LDH. 


EXPERIMENTAL 
Inhibition by Functional Group Reagents 


Molecular Weight of LDH—The partial specific volume assumed in cal- 
culating the molecular weight of LDH was 0.754 instead of 0.74 ml. gm-'; 
the latter figure was published (2) through a typographical error. The 
actual number calculated from the previous data (2) is therefore 131,000. 
However, since s29 and Deo were 7.05 X 10-" second and 5.26 X 1077 sq. 
em. sec—!, respectively, we have arbitrarily chosen a molecular weight of 
135,000 + 15,000. 


1LDH, lactic dehydrogenase; DPN*, oxidized diphosphopyridine nucleotide; 
DPNH, reduced diphosphopyridine nucleotide. 
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The enzyme used in the following tests was the unresolved, once recrys. 
tallized preparation. 

Reaction of LDH with p-Chloromercuribenzoate® (6)—The following exper- 
iments were carried out with both the p-chloromercuribenzoate and the 
LDH dissolved in 0.1 M potassium phosphate buffer, pH 7.0. The stock 
enzyme solution was determined to contain 2 X 10-*m LDH by use of the 
light extinction coefficient at 280 my, an optical density of 1.49 correspond- 
ing to 1 mg. per ml. in a 1 em. cell. The inhibitor solution contained 13 
X 10-* m p-chloromercuribenzoate. Exactly 0.05 ml. of each solution was 
added to 1.90 ml. of 0.1 m phosphate buffer, pH 7.0, to give a final concen- 
tration of 0.5 X 10-° m LDH and 3.3 X 10-° m p-chloromercuribenzoate, 
respectively. In another experiment, 0.10 ml. of enzyme solution was 
used and the buffer volume reduced to 1.85 ml. The final volume of 2.00 
ml., which was employed in the interests of conserving material, demands 
that the cell be carefully positioned in the light path of the Beckman DUR 
spectrophotometer. Immediately after the addition of the enzyme and 
reagent, the shutter was opened and the instrument allowed to record? 
the change in optical density at 250 my. The cell was maintained at 25° 
by means of a water jacket surrounding the cell compartment. Fig. 1 is 
a reproduction of the spectrophotometric traces obtained in these experi- 
ments. The results indicate that p-chloromercuribenzoate reacts slowly 
with LDH. 

With the aid of Boyer’s light extinction coefficient for the compound of 
cysteine with p-chloromercuribenzoate,? the data in Fig. 1 suggest that 
about two thiol groups per mole of enzyme have reacted in 30 minutes. 
Because of the several uncertainties involved, this figure must be con- 
sidered tentative. 

Activity of LDH-p-Chloromercuribenzoate Compound—The test system 

‘for LDH activity contained 5 X 10-* m DPNH (7), 2 X 10~ M pyruvate, 
and 0.1 mM potassium phosphate buffer, pH 7.0. The test solution was set 
at an optical density of 0.250 (340 mu) by adjustment of the slit width 
and sensitivity controls after selection of the 10,000 megohm load resistor. 


2 Dr. P. D. Boyer has kindly provided us with the following additional informa- 
tion on the spectrophotometric determination of sulfhydryl groups with p-chloro- 
mercuribenzoate (6). The reagent is dissolved in a slight excess of dilute sodium 
hydroxide and precipitated with hydrochloric acid. This procedure is repeated 
three times. The purified product is dissolved in the least amount of dilute sodium 
hydroxide and diluted in 0.1 m phosphate buffer, pH 7.0. The concentration is found 
from the molar light extinction coefficient at 232 mp, 16.5 X 10%. The molar ex- 
tinction coefficient at 250 my is increased from 4.61 X 10* to 11.9 X 10 in the presence 
of excess cysteine (corrected for slight absorption by the cysteine). 

*The optical density was recorded automatically with a model 153X17V-X-9 
Minneapolis-Honeywell strip chart recorder. 
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The latter must be used in place of the 2000 megohm phototube load re- 
sistor commonly employed, because of the very high optical density of the 
solution. The enzyme solution, in 0.03 ml. of phosphate buffer, was 
plunged in at zero time. The molar light extinction coefficient for DPNH 
at 340 mu was assumed to be 6.22 K 10° (8). The turnover number was 
calculated from an optical density change of 0.100 over the zero order course 
of the reaction. 

The preincubation of the LDH with the p-chloromercuribenzoate was 
carried out at room temperature in 0.1 m phosphate buffer, pH 7.0. The 
concentrations used were 2 X 10-°'m LDH and 1 X 10M p-chloromercuri- 
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Fic. 1. The reaction of p-chloromercuribenzoate with lactic dehydrogenase in 
0.1m phosphate buffer, pH 7.0, at 25°. Curve A, 3.3 X 10-5 m p-chloromercuriben- 
zoate with 1 X 10-§ m LDH; Curve B, 3.3 X 10-° m p-chloromercuribenzoate with 
0.5 X 10-°>m LDH. D, optical density. 


benzoate. Aliquots of this reaction mixture were removed, quickly diluted 
in buffer, and assayed as described above. The results are presented in 
Fig. 2. 

It may be seen that when excess cysteine was added to the reaction mix- 
ture the activity was largely restored. Some experiments have given even 
greater recovery than that shown in Fig. 2. 

Effect of Thiol Reagents Other Than p-Chloromercuribenzoate—Solutions of 
2X 10-° m LDH in 0.1 m phosphate buffer, pH 7.0, were preincubated, in 
separate experiments, with final concentrations of 1 X 10-* m o-iodosoben- 
soate, iodoacetate, and N-ethylmaleimide. The conditions were the same 
as those in the inhibition experiments with p-chloromercuribenzoate. Ref- 
erence to the use of these substances as thiol reagents may be found in the 
literature (9, 10). None of these three reagents caused appreciable loss in 
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the activity of the LDH after the latter had been exposed to them for 
30 minutes at room temperature. However, under similar conditions, 
1 X 10° N iodine in potassium iodide gave virtually complete inhibition 
in 2 or 3 minutes. 


Inhibition by Compounds Structurally Related to Substrates 


Pyruvate—Pyruvate itself, in higher concentrations, inhibits LDH. This 
is apparent from the early work of Kubowitz and Ott (11), and it renders 
determination of the maximal turnover number difficult. 
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Fig. 2. Inhibition of lactic dehydrogenase by preincubation with p-chloromer- 
curibenzoate. Curve A, blank; Curve B, 2 X 10-§ m LDH preincubated with | 

xX 10-4 m p-chloromercuribenzoate in 0.1 m phosphate buffer, pH 7.0. Cysteine 
’ (10-3 m) was added at the arrow. The turnover number represents moles of sub- 
strate per mole of enzyme per minute. 


Inhibitors Structurally Related to Pyrwate or Lactate—Meister (12) found 
that a-keto and a,y-diketo acids were generally much less active than py- 
ruvic acid and that a, y-diketovaleric acid inhibited the reduction of py- 
ruvate. Hakala et al. (13) recently reported that oxamic acid inhibits 
LDH. 

The series of compounds tested in the current investigation was examined 
for activity in the assay system, from left to right, by using concentrations 
of 1 X 10“to1l X 10-*m. To test for inhibition, the substance was usually 
added in equimolar concentration with pyruvate (2 X 10-* m). In the 
case of potassium oxalate, 75 per cent inhibition was observed at a con- 
centration of 0.5 X 10-‘ m. Substances not attacked or those attacked 
at a rate of less than 5 per cent of that of pyruvate are acetaldehyde, ace- 
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tone, methyl ethyl ketone, and 3 ,6-dimethyl-2 ,5-p-dioxanedione. None 
of these were inhibitory. 

Methy] lactate and glycolic acid did not inhibit LDH in the test system 
ysed earlier (2). 


DISCUSSION 


The experimentally measured turnover numbers for pyruvate in the test 
reaction used here may be considerably lower than the theoretical maximal 
velocity determined by extrapolation of the reciprocal velocity versus re- 
ciprocal substrate concentration (14). The turnover number for the LDH 
used in our studies, without consideration for the optimal pyruvate con- 
centration, was 37,000 moles of DPNH per mole of enzyme per minute. 
The figure of 2.9 X 10‘ moles per 10° gm. of LDH at pH 6.8 and 25°, re- 
cently reported by Hakala et al. (13), is equivalent to about 4 X 10‘ moles 
for 135,000 gm. of LDH. 

The results with p-chloromercuribenzoate emphasize that the functional 
group reactions should be carried out separately from the activity tests. 
It is obvious from the kinetics of the reaction of LDH with p-chloromer- 
curibenzoate why we never previously detected inhibition with this re- 
agent..* 

It is not surprising that several atoms of iodine per mole of LDH are 
necessary to cause inhibition, since this reagent reacts extensively with func- 
tional groups in proteins (9). A 30 minute incubation of 0.5 mg. of crude 
potato tyrosinase with 1 ml. of 1 X 10-' m LDH caused insignificant loss 
in activity. 

Glyceraldehyde-3-phosphate dehydrogenase from both muscle and yeast 
(15, 16) is inhibited by sulfhydryl-binding reagents. Similarly, crystalline 
alcohol dehydrogenase from horse liver (cited by Theorell and Bonnichsen 
(I7)) and yeast (18) is sensitive to thiol reagents. The same is true for 
malic (19) and glutamic acid (20) dehydrogenases. In those instances 
in which it has been directly studied, the sulfhydryl group appears to be 
concerned in the binding of the coenzyme to the protein. Since LDH re- 
quires the same coenzyme, it has always appeared remarkable that it 
should in no way be affected by sulfhydryl inhibitors. 

Specificity data for LDH show that in the general structure R-CO-CO,.H 


‘Dr. P. D. Boyer has stated in a private communication to the author that, if 
LDH behaves like some other proteins he has tested, the reaction would be much 
more rapid below pH 5. However, we found that, when a 2 X 10-5 m solution of 
LDH in 1.0 m acetate buffer, pH 5.2, was made 10~‘ m with respect to p-chloromercuri- 
benzoate, an incipient turbidity began to develop in the solution in about 3 minutes 


ittroom temperature. This precipitate was not formed when the reagent was added 
tothe buffer in the absence of the enzyme. 
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a considerable variation in the nature of R still allows for combination with 
the enzyme (activity or inhibition). On the other hand, substances lacking 
the carboxyl group were neither active nor inhibitory. We have not go 
far been able to demonstrate clearly the reversibility of oxalate inhibition 
by increasing the pyruvate concentration. This subject is receiving further 
attention. 


SUMMARY 


1. The reaction of the sulfhydryl groups of lactic dehydrogenase with p- 
chloromercuribenzoate has been followed by the new spectrophotometric 
method of Boyer (6). 

2. Lactic dehydrogenase activity is suppressed on preincubation of the 
enzyme with p-chloromercuribenzoate. The inhibition can be reversed 
with excess cysteine. 

3. There is an approximate reciprocal relation between the progress of 
the reaction of the enzyme with p-chloromercuribenzoate and the loss in 
enzymatic activity. 

4. Oxalic acid, but not several other compounds structurally related to 
pyruvic acid, strongly inhibits the enzymatic reduction of pyruvate. 


The author is indebted to P. D. Boyer for advice and details concerning 
his spectrophotometric procedures (6) for determination of thiol groups. 
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TO PROGESTERONE BY HOMOGENATES OF 
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The conversion in vitro of A®-pregnen-38-ol-20-one to progesterone was 
frst demonstrated in 1938 by Mamoli (1) who employed bacteria; other 
microorganisms including actinomycetes and molds have more recently (2) 
been found to be likewise effective. Of more pertinent interest to mam- 
malian physiologists was the report in 1951 by Hechter et al. (3) of the 
formation of progesterone following a single cycle perfusion of adrenal 
gands with pregnenolone. Samuels et al. (4) observed the formation of 
progesterone following incubation of pregnenolone with surviving slices of 
rat placenta and testes and cow adrenals and corpora lutea, but not with 
rat liver or uterus nor with cow ovarian follicles; diphosphopyridine nucleo- 
tide (DPN) appeared to be an effective hydrogen acceptor in the oxidation. 
Helmreich, Lasater, and Samuels (5) later reported the formation of an 
a,6-unsaturated ketone following incubation of pregnenolone with homog- 
enized rat testes and DPN. Nissim and Robson (6) described the forma- 
tion of progestationally active material, presumably progesterone, fol- 
lowing incubation of pregnenolone with minced beef placenta, corpora 
lutea, and adrenals; negative results were obtained with spleen, liver, or 
ovaries. 

In view of the foregoing findings and the importance of the placenta 
in the elaboration of progesterone in human pregnancy, our interest was 
engaged; homogenates of full term human placental tissue were prepared 
and found to effect the conversion of pregnenolone to progesterone. 


Materials and Methods 


Preparation of Homogenates—Placentas were obtained as soon as pos- 
ible after parturition (some were obtained after cesarean operation) and 
perfused with about 500 ml. of cold 0.9 per cent NaCl through the umbilical 
vein in order to remove as much blood as possible from this highly vascu- 
lar organ. The cord and membranes were then removed. The placental 
tissue was homogenized in a Waring blendor run for 1} minutes at reduced 


* This investigation was supported by a research grant (No. RG-2567(C2)) from 
the National Institutes of Health, United States Public Health Service. 
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speed (by reducing the voltage to 60). For every 100 gm. of tissue, 200 0 
ml. of a Krebs solution were added; the cold solution had been buffered it 1 
with phosphate to pH 7.4 and contained 1 per cent nicotinamide (unless eac 
otherwise indicated) but no glucose. The homogenate was filtered through elu 
surgical gauze, thereby removing fibrous strands of tissue; the filtrate was mil 
centrifuged in an International clinical centrifuge in the refrigerator at cul 
2° for 5 minutes at maximal speed (relative centrifugal force, 1710) to wa 
eliminate cellular débris. The supernatant fluid was used as such or some- rec 
times diluted with Krebs phosphate buffer-1 per cent nicotinamide as ; 
specified below; its enzymatic activity was retained with little change for def 
as long as 3 weeks when stored in the refrigerator. The homogenate may 1: 
be frozen, but this procedure is not recommended, because, on thawing, a 
precipitate forms which possesses a variable proportion of the activity; 5.5 
the total activity of the preparation remains about the same, however. jus 
An alternative procedure occasionally employed was to freeze the placental eq 
tissue after perfusion and then to thaw and homogenize it when needed. an 

Incubation Procedure—5.0 mg. of the steroid substrate were dissolved det 
in 1 ml. of ethanol, and the solution was slowly added to 75 ml. of homog- ba’ 
enate with shaking. The incubation mixture was placed in culture type 
Roux bottles, capped with rubber (gas phase, air), and placed on a mechan- pre 
ical vibrator in an incubator at 37° for 3 hours. op 

Extraction Procedure A; with Acetone—225 ml. of acetone were added tu! 
to the incubation mixture (75 ml.); the precipitate was filtered and then et] 
suspended in 40 ml. of acetone and again filtered; this operation was re- all 
peated twice. The filtrates were combined and concentrated to a volume 80) 
of about 75 ml. The aqueous concentrate was extracted once with 75 | 
ml. and twice with 40 ml. of ether. The ether extracts were combined ml 
and washed three times with 15 ml. of water; the aqueous washes were ho 
combined and reextracted once with 45 ml. of ether. The ether extracts Ey 
were evaporated, and the residue was treated with Girard’s Reagent T ev 
(7); the ketonic fraction was chromatographed as described below. in 

Extraction Procedure B; with Ether after Alkaline Digestion—15 ml. of th 
25 per cent NaOH were slowly added with stirring to the incubation mix- ce 
ture (75 ml.). After 20 minutes the digest was saturated with sodium sa 
chloride and extracted once, with gentle shaking, with 100 ml. and twice ce 
with 50 ml. of ether. The ether extracts were combined, washed with we 
water, and evaporated. The residue was chromatographed as described 
below, treatment with Girard’s Reagent T being unnecessary. 

The final residue obtained by either Extraction Procedure A or B was 
dissolved in 0.4 ml. of dry ether, passed through a narrow column of alu- in 
mina! (Harshaw) previously wetted with the same solvent, and eluted with in 

1 The preparation is described in foot-note 4 of Pearlman and Cerceo (8) a 
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20 ml. of dry ether. (If the residue did not completely dissolve initially, 
it was repeatedly treated with small volumes of ether, 20 ml. in all, and 
each extract successively passed through the column.) The colorless 
eluate was dissolved in ethanol and the ultraviolet absorption curve deter- 
mined with the aid of a Beckman model DU spectrophotometer. The 
curve was typical of that for an a,8-unsaturated ketone. Chromatography 
was indispensable for the elimination of non-specific absorbing impurities; 
rechromatography was seldom necessary. 

The content of a,8-unsaturated ketones is expressed in absorption units 
defined as density (at 240 mu) X dilution X the volume of the solution; 
1 absorption unit is equivalent to 20 y of progesterone. 

Recovery Experiments (Progesterone)—Following chromatography of 
5.5 and 11.0 absorption units of crystalline progesterone by the procedure 
just described, 91 per cent and 94 per cent of the hormone were recovered; 
equally good recoveries were obtained with A*-cholesten-3-one and A*- 
androstene-3 ,20-dione. The adsorptive power of the alumina should be 
determined beforehand in this fashion because it may differ from one 
batch of alumina to another. 

Alkali (see Extraction Procedure B) is not appreciably destructive of 
progesterone, despite claims (9) to the contrary. Thus, the following 
optical densities were observed at 0, 1, 5, and 24 hours at room tempera- 
ture after solution of progesterone in 0.8 Nn NaOH containing 20 per cent 
ethanol: 0.529, 0.519, 0.489, and 0.386, respectively; in the absence of 
alkali, the reading was 0.545; the absorption maximum of the progesterone 
solution shifts from 240 my in ethanol to 248 my in 20 per cent ethanol. 

When 34 absorption units of crystalline progesterone were added to 75 
ml. of placental homogenate without incubating, 84 per cent of the added 
hormone was recovered by Extraction Procedure B. This is preferable to 
Extraction Procedure A because it is much less time-consuming. How- 
ever, the latter procedure gave a higher yield of a,8-unsaturated ketones 
in the following incubation experiment. The substrate was pregnenolone; 
the homogenate had been diluted 3-fold prior to incubation, and 0.03 per 
cent DPN and 1 per cent nicotinamide were added; the yields of a,8-un- 
saturated ketones were 42.2 and 57.1 absorption units by Extraction Pro- 
cedures B and A, respectively; the control values (no pregnenolone added) 
were 1.6 and 2.1, respectively. 


Results 


Addition of DPN and nicotinamide to the homogenate results in a 5-fold 
increase in the formation of a,8-unsaturated ketones according to the data 
in Table I. The influence of the period of incubation is shown in Fig. 1; 
a linear relation was obtained with Preparations A and B. With the 
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more highly active preparation, C, the reaction rate decreased; an explana- 
tion may be found in the limited solubility of the steroid substrate, a factor 
which may not become critical except at higher levels of enzyme activity, 

The yield of a,8-unsaturated ketones is proportional to the enzyme con- 
centration according to Fig 2; the enzymatic activity varies appreciably 
from one placental preparation to another. 

From Table II, it appears that pregnenolone and dehydroisoandrosterone 
serve about equally well as substrates in the reaction, but that cholesterol 
undergoes little or no transformation. 

Isolation of Progesterone after Incubation of A°-Pregnen-36-ol-20-one— 
180 mg. of pregnenolone were incubated in the customary way with pla- 
cental homogenates prepared from 900 gm. of placental tissue to which 


TaBLe [ 
Effect of Addition of 0.03 Per Cent DPN and 1 Per Cent Nicotinamide 


, 


on DPN Nicotinamide |, Yield of ¢.8-uneturated 
0 0 0 3.9 
= 0 0 14.5 
ao 0 + 30.6 
+ + + 75.0 


The homogenate was diluted three times prior to incubation; Extraction Pro- 
cedure A employed. 

* 0 denotes the absence, + the presence of the respective compounds. 

+ Defined in the text. 


1 per cent nicotinamide and 0.03 per cent DPN had been added. The 
incubation mixture was extracted with ether after brief digestion with 
alkali, as in Extraction Procedure B. The ether extract (656 mg. of solids, 
2325 absorption units equivalent to 46.5 mg. of progesterone; 200 absorp- 
tion units if no pregnenolone had been added) was treated with 400 mg. of 
Girard’s Reagent T (7), and the ketonic material thus obtained was simi- 
larly treated. The final ketonic fraction (222 mg. of solids) was treated 
with 1.2 gm. of digitonin in 60 ml. of hot 60 per cent methanol; the digi- 
tonide was continuously extracted with dry ether for 16 hours and then 
split with pyridine and ether in the customary fashion, furnishing 97.0 
mg. of crystalline material (187 absorption units equivalent to 3.7 mg. of 


2 For this estimation, two 2 per cent aliquots of the extract were chromatographed 
in the usual way and found to contain 45.0 and 48.0 absorption units. It is note- 
worthy that of the total amount of a,8-unsaturated ketones thus estimated only half 
was subsequently accounted for as progesterone by counter-current distribution 
and actual isolation. 
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progesterone). The latter, following acetylation and chromatography, 
yielded 53.5 mg. of pregnenolone acetate, m.p. 148-149°. 

’ The digitonin filtrate was evaporated, and the dry residue, after re- 
peated extraction with dry ether at room temperature, was dissolved in a 
minimal volume of hot methanol and an excess of dry ether added on 
cooling (the latter step is essential since it furnished the major proportion 
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Fig. 1. Effect of period of incubation on the yield of a,8-unsaturated ketones 
(absorption units, defined in the text). Substrate, pregnenolone; 0.03 per cent DPN 
and 1 per cent nicotinamide added to homogenates. Preparation A diluted three 
times, but Preparations B and C were not diluted. The incubation procedure was 
that described in the text; Extraction Procedure B was employed. 

Fic. 2. Effect of enzyme concentration on the yield of a,8-unsaturated ketones 
(absorption units, defined in the text). Substrate, pregnenolone. The enzyme 
concentration of the original homogenate is taken as unity; in diluting the homo- 
genates, the concentration of added DPN and nicotinamide was maintained at 0.03 
per cent and 1 per cent, respectively. The incubation procedure was that described 
in the text. Extraction Procedure B employed. Each curve represents the homo- 
genate of a different placenta. 


of the total a,8-unsaturated ketones); the digitonin precipitate was re- 
moved by centrifugation. The ether extracts (including that initially 
obtained from the digitonide above) were combined, furnishing the non- 
digitonin precipitable fraction (62.0 mg. of solids, 1610 absorption units 
equivalent to 32.2 mg. of progesterone). Counter-current distribution 
of this material in a fashion customarily employed in this laboratory (10) 
indicated the presence of 24.2 mg. of progesterone. The residues obtained 
from Funnels 2 to 6 from the counter-current procedure were combined 
(29.9 mg. of solids, 22.4 mg. of progesterone estimated). This material 
was dissolved in a minimal volume of dry ether, adsorbed on 1.0 gm. of 
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alumina previously wetted with the same solvent, and eluted with 10 nl, 
of dry ether; 24.9 mg. of crystals were obtained, which on treatment with 
petroleum ether-dry ether (1:1) furnished 15.0 mg. of prisms, [a]?’ +187° 
+ 1.5° (ethanol) (reported +192°), m.p. 127—128°,* which gave no depres- 
sion in melting point on admixture with authentic progesterone, mp, 
127-128°. An additional 8.4 mg. of slightly impure progesterone, mp, 
123-126°, were obtained from the mother liquors. The total yield of 
crystalline progesterone was approximately 12 per cent. 

Spontaneous Conversion of A*-Pregnene-3 ,20-dione to Progesterone— 
The A® isomer of progesterone, prepared from A5-pregnen-38-ol-20-one 
by the method of Westphal and Schmidt-Thomé (11), underwent a maxi- 
mal conversion of 87 per cent to progesterone according to spectrophoto- 
metric determination after 24 hours at room temperature in a solution 








TaBLe II 
Steroid Substrate Specificity 
Steroid substrate |viela of a,8-unsaturated ketones, absorption units* 
| 
a oie dia i rscracc ep unaecnenea eid Nine aa | 5.5 3.0 
Dehydroisoandrosterone.................... 32.9 
I 05g secsiiry + ae nds eoile wa wars oe 37.7 16.2 





Two different homogenate preparations were employed; that in the last column 
had been diluted three times. The final concentrations of added DPN and nicotin- 
amide were 0.03 and 1 per cent, respectively. Extraction Procedure B employed. 

* Defined in the text. The control values were 6.5 and 2.5 units ‘or the undiluted 
and diluted preparations, respectively, the above figures having been corrected for 
this. 


of 0.5 n H,SO,-90 per cent ethanol. A partial conversion occurs at pH 
7.4 and 37°, as shown in Fig. 3. 

Autoxidation Studies—Colloidal solutions (sodium stearate) of choles- 
terol, pregnenolone, and dehydroisoandrosterone were oxygenated for 5 
hours at pH 8.3 according to the procedure of Bergstrém and Winter- 
steiner (12); 300 mg. of each steroid were used. The cholesterol reaction 
mixture contained 1645 absorption units of a,8-unsaturated ketones 
(7-ketocholesterol was isolated by the above authors), but the other ster- 
oids did not undergo any autoxidation at all. When 302 mg. of progester- 
one were similarly oxygenated, 250 mg. of the hormone were recovered 
according to spectroscopic determination. 

The foregoing experiments were performed to see whether the steroid 
substrates employed in the experiments with homogenates might not 
undergo some autoxidation to a,8-unsaturated ketones during incubation. 


3’ The melting points were determined with a Fisher-Johns apparatus and are 
reported as read. 
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Fic. 3. Percentage conversion of A*-pregnene-3,20-dione to progesterone, based 

on optical density measurements at 248 my (maximal absorption) of a solution of 189 

luma 7 of A®-pregnene-3, 20-dione in 20 ml. of phosphate buffer, pH 7.4, containing 10 per 
otin- cent ethanol. 








luted DISCUSSION 
od fi — " 
. The possibility that the conversion of pregnenolone to progesterone 


may have resulted from bacterial contamination of the placenta] homogen- 
t pH ates cannot be overlooked, inasmuch as this conversion has been amply 
demonstrated to occur with microorganisms (1,2). However, under the 


10les- experimental conditions employed by us, this possibility seems rather re- 
for 5 mote. In some experiments, the placentas were obtained in cesarean 
inter- operations (the tissue was thus undoubtedly sterile), worked up immedi- 


ction ately, and incubated for only 3 hours, a period of time in which bacterial 
tones — growth is minimal; the enzyme activity was of about the same order of 
ster- magnitude as that with placentas obtained following normal delivery. 
ester- Furthermore, had the steroid conversion resulted from bacterial action, 
vered the rate of this conversion might have been expected to increase markedly 
on prolonged incubation; actually the rate was fairly constant (within ex- 
eroid perimental error) in two cases (Fig. 1, Preparations A and B) and even 
t not — decreased in another (Fig. 1, Preparation C). However, further experi- 
ation. — ment will prove more rigorously whether or not bacterial action was a 
factor. 


During the course of oxidation of pregnenolone to progesterone, a shift 


nd are 
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of the double bond from position 5,6 to 4,5 occurs. The biologically 
inactive, A®-pregnene-3 ,20-dione may have been formed as an intermedi- 
ate, but it would readily have undergone transformation to progesterone 
during the extraction and fractionation process, since this reaction js 
catalyzed by acid or base (11). Even under the mild conditions of jp- 
cubation, about 15 per cent of the A®-dione was observed to undergo con- 
version to progesterone; a conversion of similar magnitude also occurred 
on evaporation of dilute solutions of this compound on the steam bath. 

It is curious that pregnenolone and dehydroisoandrosterone are readily 
dehydrogenated under the influence of the placental enzyme, but choles- 
terol is not; on the other hand, cholesterol readily (12) undergoes autoxida- 
tion to the a,8-unsaturated ketone, 7-ketocholesterol, but the other two 
steroids do not react according to our experiments, although all are A*-38- 
hydroxysteroids. 

The conversion of pregnenolone to progesterone may be a step in the 
degradation of cholesterol to pregnanediol observed by Bloch (13) to occur 
in a pregnant woman. Some conversion of pregnenolone to pregnanediol 
was shown to occur in a non-pregnant woman (14) and in men (15); most 
of the material administered remained unaccounted for. Although proges- 
terone (16, 17) and certain related Cx steroids (8) have been isolated from 
human placental tissue, pregnenolone has not; perhaps it does not accumu- 
late because of a rapid conversion to progesterone in this organ, as our ex- 
periments with homogenates would indicate. Inasmuch as histochemical 
studies (18, 19) indicate that the syncytial trophoblast is the site of lo- 
calization of steroid hormones, the dehydrogenase acting upon pregnenolone 
may also be localized in this tissue, which constitutes only a fraction of 
the entire organ. 


SUMMARY 


Progesterone in crystalline form was isolated in 12 per cent yield after 
incubation of A*-pregnen-36-ol-20-one with homogenates of full term 
human placental tissue fortified with nicotinamide and DPN; the latter 
promoted the yield. Dehydroisoandrosterone, when substituted as a 
substrate in the reaction, forms a,8-unsaturated ketones to about the same 
extent; isolation studies were not made, however. Cholesterol is not 
attacked, although it too is a A*-38-hydroxysteroid. On the other hand, 
neither pregnenolone nor dehydroisoandrosterone was observed to undergo 
autoxidation under conditions known to promote the conversion of cho- 
lesterol to the a,8-unsaturated ketone, 7-ketocholesterol. 

The significance of the conversion in vitro of pregnenolone to proges- 
terone was discussed in connection with the réle played by the placenta as 
a major source of progesterone in human pregnancy. 
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CYTOCHROMES AND RESPIRATORY ACTIVITIES IN SOME 
SLOW GROWING STRAINS OF NEUROSPORA* 
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(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California, and the Molteno Institute, University of Cambridge, 
Cambridge, England) 


(Received for publication, November 23, 1953) 


It has been shown that the poky strain of Neurospora is deficient in some 
components of the cytochrome system and that respiration in this organism 
utilizes a different pathway for terminal oxidation (1, 2). Besides poky, 
three other Neurospora strains have been discovered (3) which are of con- 
siderable interest with regard to their cytochromes and their respiratory 
activities: (1) mi-3 which contains a high concentration of cytochrome c, 
rather less cytochrome b, and seems to be devoid of cytochrome a; (2) 
Cl15 with an equally high cytochrome c concentration, little cytochrome 
b, and hardly detectable cytochrome a; (3) C117 which, in addition to a 
strong cytochrome b band, shows the sharp band of cytochrome e at 552 
to 553 mu but does not show any cytochrome c or a bands. 

The characteristics of mi-3, like those of poky, are inherited cytoplas- 
mically, while the characteristics of C115 and C117 are inherited in a 
Mendelian fashion. This paper is concerned with a description of the 
cytochromes and the respiratory characteristics of these new strains. 


Materials and Methods 


Strains and Culture Methods—The strains used in the course of this work 
and the methods of culture were described in two previous papers (1, 3). 
Mycelium from cultures 4 to 5 days old was used in most experiments. 

Spectroscopic Methods—Observation of the cytochrome spectra was made 
as previously described (1). In some experiments, the Zeiss microspectro- 
scope was mounted on a microscope, by use of the outfit described by 
Keilin and Hartree (4). The low temperature technique was used to re- 
inforce the absorption bands (5). 

Enzyme Preparation—The mold was washed three times with 20 volumes 
of distilled water, pressed out through muslin, and ground by hand for 5 


* This work was supported in part by funds from the Rockefeller Foundation and 
by funds from the Atomic Energy Commission administered through contract with 
the Office of Naval Research, United States Navy, contract No. N-6-onr-244, Task 
Order 5. . 

t Gosney Postdoctoral Fellow. Present address, Molteno Institute, University 
of Cambridge, Cambridge, England. 
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minutes in a cold mortar with 0.5 part of sand and 2 parts of cold 0.075 | 


M phosphate buffer, pH 7. The mixture was centrifuged at 1000 X g for 
5 minutes and the supernatant solution was decanted and centrifuged at 
20,000 X g for 30 minutes in a refrigerated centrifuge. The supernatant 
liquid was rejected and the sedimented particles were resuspended in the 
original volume of cold buffer and centrifuged again at high speed as above. 
The particles were finally resuspended in 0.3 part of cold buffer. 
Nitrogen was determined in enzyme preparations by nesslerization after 
digestion of trichloroacetic acid precipitates with H.SO, and H:Qy. 
Enzyme Activity—Estimations of cytochrome oxidase and succinic oxi- 
dase activities were carried out in Barcroft differential manometers at 
35°, in air, unless otherwise specified. For cytochrome oxidase, the mano. 
metric flask contained 0.4 ml. of enzyme preparation, 0.3 ml. of 4 X 104 
M cytochrome c, 2 ml. of 0.1 m phosphate buffer (pH 7), 0.3 ml. of distilled 
water, and 0.3 ml. of either 50 mg. per ml. of neutralized ascorbic acid or 
30 mg. per ml. of p-phenylenediamine in a dangling tube. The dangling 
tube was dislodged after temperature equilibration at zero time. For sue- 
cinic oxidase, the manometric flask contained enzyme, cytochrome c, buffer, 
and distilled water in the same quantities listed above, and the dangling 
tube received 0.3 ml. of 0.4 m sodium succinate. For succinic acid de- 
hydrogenase, activity was determined by methylene blue reduction in 
Thunberg tubes (1). 
Respiration of Intact Myceliwum—The experiments were carried out in 
Warburg manometers at 35°, in air, as previously described (2). 
Cytochrome c was prepared according to the method of Keilin and 
Hartree (6). 


Results 


Spectroscopic Observation—Fig. 1 shows the absorption spectrum of re- 
duced cytochrome (a-bands) in the Neurospora strains described in this 
paper, compared to those of poky and wild type (1) and of heart muscle 
preparation (7). 

Mi-3—Intact mycelium, on addition of a small amount of sodium dithio- 


nite, shows the following absorption bands of cytochrome: a strong cyto- 


chrome c band at 550 mu, a somewhat weaker cytochrome b band at about 
563 mu, and a feeble band at about 590 mu, in the position of cytochrome 
a,;. The absorption band of cytochrome a is not visible. It should be 


noted that these absorption bands can usually be seen in the absence of [ 


added reducer, as they are partially reduced by endogenous substrate. 
The amount of cytochrome c present in the mold was estimated as pre- 

viously described (1). The mycelium, dried in vacuo at room temperature 

over P,O;, was ground in a mortar to a fine powder. A known amount 
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was suspended in buffer, a little sodium dithionite was added, and the 
«band of cytochrome c was compared under the spectroscope with similar 
preparations from the wild type and with known solutions of pure cyto- 
chrome c. It was found in this way that mi-3 contained 0.45 to 0.56 per 
cent cytochrome c (estimated as per cent of the dry weight of mold), that 
is, about 2.4 to 3 times more than the wild type. 


S70 S80 590 600 mp 
1 1 
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cus 
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poky 
wild 5: 
type 


heart 
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| t t 
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Fic. 1. Spectra of reduced cytochrome (a-bands) in various strains of Neurospora 
as compared with wild type and heart muscle. The width of the absorption bands 
indicates relative intensities although actual differences are much larger; 7.e., poky 
contains 10 to 15 times as much cytochrome c as wild type. The dotted lines repre- 
sent barely detectable bands. 


In washed particulate preparations, the cytochrome components are oxi- 
dized and therefore not visible. On addition of sodium dithionite or suc- 
cinate, the three bands of cytochromes c, b, and a; become visible. The 
band of cytochrome a is not detectable either in thick suspensions of par- 
ticles, which show very strong bands for cytochromes ¢ and ), or after 
cooling the preparation in liquid air to reinforce the absorption spectrum 
(5). In the presence of small amounts of succinate, intermittent aeration 
of the particle preparation leads to oxidation and reduction of the three 
components of cytochrome. The addition of cyanide (0.005 m) does not 
modify the aspect of the reduced bands. Short aeration is, however, no 
longer followed by oxidation of cytochrome in the presence of cyanide. 
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In the presence of carbon monoxide, the band of cytochrome a; becomes 
slightly wider and weaker. If a mixture of 90 per cent carbon monoxide 
and 10 per cent oxygen is bubbled through the preparation, the bands 
remain reduced, while 10 per cent oxygen with 90 per cent nitrogen readily 
oxidizes the cytochrome. 

C115—This strain differs from wild type in that it shows a stronger cy- 
tochrome c band of about the same intensity as that in mi-3, a weak cyto. 
chrome b band, and little or no cytochrome a band. It has been difficult 
to obtain reliable data with this strain, since a frequent spontaneous muta- 
tion gives rise to a genetic suppression of the character. The suppressed 
mutant has a normal cytochrome complement, while heterocaryons of C115 
and s-C115 which arise by mutation are intermediate and s-C115 is slowly 
selected in a growing culture. For this reason respiration data on Cll5 
are not included here. 

C117—Intact mycelium in the presence of sodium dithionite shows a 
strong cytochrome b band at about 563 my and a very sharp band at 552 
to 553 my. These two bands, which are very distinct in some cultures, 
appear sometimes to be fused to a broad band, the two edges of which are 
reinforced. Cytochromes ¢ and a are not visible, even at low temperatures, 
The absorption band at 552 to 553 may lies in the position of cytochrome 
e,| a component which is widely distributed in aerobic cells but is usually 
detectable at low temperature only (5). In some bacteria, however, like 
Acetobacter, the a-band of cytochrome e is very strong and therefore can 
be seen by spectroscopic examination at room temperature (5). The band 
at 552 to 553 my in C117 was compared to that of cytochrome e in cells 
from a 2 day-old culture of Acetobacter peroxydans,? and it was found to lie 
at about the same position. While the a-band of cytochromes b and a 

disappears completely on heating at 100° for 20 minutes, this band in 
C117, as well as the a-band of cytochrome e in Acetobacter (8), is thermo- 
stable under these conditions. It is therefore not related to cytochrome f, 
a thermolabile component with a sharp a-band at 555 my present in green 
leaves (9, 10). 

In washed particulate preparations, the absorption bands are feeble, the 
components of cytochrome being partially oxidized. On addition of sue- 
cinate, the bands become quite strong and the two cytochrome components 


1 In a preliminary account of the absorption bands of cytochrome, which appeared 
together with the genetic study of the Neurospora strains used in the present work 
(3), this band, which is now found to lie at 552 to 553 mu, was thought to occupy a 
position nearer that of the cytochrome 6b band, and thus, before studying its proper- 
ties, it was suggested that it might be the band of cytochrome }. 

2 The strain of A. perorydans used in this experiment was obtained from Professor 
A. J. Kluyver. It was cultivated at 30° on solid medium by the procedure of 
Chin (8). 
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cannot be oxidized by bubbling air through the preparation. On addition 
of 1 drop of cell-free preparation to 1 ml. of 1 X 10~ m oxidized cytochrome 
c+ 0.1 ml. of 0.4 m succinate, cytochrome c is reduced at once, while in 
the absence of succinate the reduction of cytochrome c is very slow. This 
experiment suggests that a cell-free preparation of C117, which is lacking 
cytochrome c, contains the catalysts necessary for the reduction of this 
component by succinate. 

After frequent subculture on the surface of agar, a cytochrome a; band 
at 590 mu became visible in the mycelium of a C117 strain (‘modified 
C117”) cultivated as usual in liquid medium. In cell-free preparations, 
the three cytochrome components, reduced by succinate, could then be 


TaBLe | 
Cytochrome Oxidase and Succinic Oxidase Activities in mi-3, C117, “Modified C117,” 
and Wild Type 
The activities are expressed as Qo,, i.e. microliters of O2 uptake per hour per mg. 
of protein nitrogen. 





























| Cytochrome oxidase Succinic oxidase 
| p-Phenyl- 
Ascorbate | Ascorbate + | #Phenyl | enediamine | succinate | Succinate + 
chrome ¢ 

ae 5 463 8 455 268 294 
GS t cesses < ead | 5-11 0-13 15 19 0-8 0-15 
“Modified C117”... ...| 31 127 
ee | 10 472 25 450 265 310 

| 








easily oxidized by air. This modified strain has not been analyzed geneti- 
cally. 

In addition to the cytochrome components described above, two absorp- 
tion bands at 583 and 545 my can be seen in the mycelium or in cell-free 
preparations under conditions of good aeration. As was shown recently, 
these two absorption bands correspond to those of oxyhemoglobin (11). 
They appear in 3 day-old cultures and reach the maximum of their intensity 
on the 5th day. Although they are usually stronger in C117, they can 
also be seen in various strains of Neurospora including wild type, at certain 
stages of growth, provided they are cultivated in aerated fluid medium. 
The intensity of these absorption bands seems therefore to depend on 
growth stages and conditions and on genetic factors. 

Cytochrome Oxidase, Succinic Oxidase, and Succinic Dehydrogenase—The 
results presented in Table I show that (1) the cytochrome and succinic 
oxidase activities of preparations from mi-3 are similar to those of wild 
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type preparations, (2) preparations from C117 have very low activity, 
and (3) in ‘modified C117” the low succinic oxidase activity is increased 
more than 4 times by addition of cytochrome c. Succinic dehydrogenas 
Tasie II 
Effects of Inhibitors on Cytochrome Oxidase and Succinic Oxidase in mi-3 and Wild 
Type Cell-Free Preparations 
The results are given as per cent inhibition. When the gas mixture was com. 
posed of 95 per cent CO and 5 per cent Oz, the activity of the controls was measured 
in the presence of 95 per cent Nz and 5 per cent Os. The oxygen uptake in the pres- 


ence of 5 per cent O» was about 70 per cent that measured in the presence of air, both 
with mi-3 and wild type. 
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Fia. 2. Light reversion of CO inhibition on the succinic oxidase system of mi3 
cell-free preparations. Temperature 18°. See the text. 


activity measured as described previously (1) was found to have essentially 
the same value in all of the strains studied. 


The effect of inhibitors on the cytochrome and succinic oxidase systems 
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of mi-3 was investigated and compared to that obtained on these enzyme 
systems in wild type. The results, presented in Table II, show that the 
cytochrome oxidase and succinic oxidase of mi-3 and wild type are sensitive 
to the same inhibitors and that mi-3 is more sensitive than the wild type 
to the same concentration of inhibitor. Chelating agents (0.001 m Ver- 
sene or 8-hydroxyquinoline) were found to have no effect. The reversion 
by light of carbon monoxide inhibition on the succinic oxidase system was 
studied at 18° in the presence of 95 per cent carbon monoxide and 5 per 
cent oxygen. The experiment was carried out in the dark and in the light 
for successive periods of 15 minutes, the manometric flask being illumi- 
nated by means of a 250 watt projector through the glass wall of the mano- 
metric bath. The results of a typical experiment with an mi-3 preparation 


Tas_e III 
Respiration of Intact Mycelium and Effects of Azide and Cyanide 
Qo; = microliters of O. uptake per hour per mg. of dry weight. 











| Pereun inhibition 

















bas of cultures Qos | 
0.003 mu 0.002 mu 

| azide cyanide 

| days | 
an Riis Cobian annie tae 3 46-55 3) Be ae 
Cli7.. ty Le 3 15-20 0 | 12 
ere: 5 24 7 10 
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are shown in Fig. 2. A similar curve was obtained with wild type enzymes, 
although the carbon monoxide inhibition was somewhat smaller. 

Respiration of Intact Mycelium—As shown in Table III, (a) the Qo, 
of mi-3 mycelium is of the same order as that of the wild type and is like- 
wise sensitive to azide and cyanide (2), (b) the respiration of C117 is lower 
than that of any other strain so far investigated, including poky, and is 
not markedly affected by azide and cyanide, and (c) in “modified C117” 
the respiration is higher and is inhibited by azide and cyanide. 


DISCUSSION 


This investigation shows that, besides poky (1, 2), other Neurospora 
strains present striking variations of their cytochrome systems and res- 
piration. 

In mi-3, although no typical cytochrome oxidase band (the a-band of 
cytochrome az, usually associated with cytochrome a (7)) is detectable, 
cell-free preparations have cytochrome oxidase and succinic oxidase activi- 
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ties which are similar to those found in wild type preparations. The main 
properties of the oxidase of mi-3 do not differ from those of the classical 
cytochrome oxidase, as found in wild type, or in heart muscle preparations: 
the enzyme system is sensitive to the same inhibitors, the carbon monoxide 
inhibition is reversed by light, and cytochrome oxidase activity, measured 
in the presence of ascorbate or p-phenylenediamine, is entirely dependent 
upon the addition of soluble cytochrome c. At first it seems possible that 
a very small amount of cytochrome (a + as), not detectable under the 
spectroscope, even at the temperature of liquid air, could account for cyto- 
chrome oxidase activity. This, however, is improbable as (a) in young 
poky the cytochrome oxidase activity is less than 5 per cent that of the 
wild type, while traces of cytochrome (a + as) are detectable, and (b) in 
old poky cultures the activity rises when the absorption band of cytochrome 
(a + as) becomes more easily visible (1). It seems, therefore, that in mi-3 
cytochrome a; is not responsible for cytochrome oxidase activity. The 
fact that the properties of the oxidase are similar to those of the wild type 
or of heart muscle, suggests that, although the catalyst concerned does 
not have the same absorption spectrum as the classical cytochrome oxidase, 
it is of a similar nature. Thus, it is probable that the oxidase is cyto- 
chrome 4a, as its a-band is slightly modified by carbon monoxide which is 
a powerful inhibitor of the cytochrome oxidase of mi-3. Kubowitz and 
Haas (12) have determined the photochemical absorption spectrum of the 
respiratory enzyme of Acetobacter pasteurianum, an organism in which 
cytochrome a is replaced by cytochrome a, and they found that the a-band 
of the oxidase was shifted towards the blue end of the spectrum when com- 
pared with that of yeast, as the a-band of cytochrome a, is to the a-band 
of cytochrome a;. Chance (13, 14) confirmed these findings and found 
that the photodissociation spectrum of A. pasteurianum agrees closely with 
the absorption spectrum of the carbon monoxide compound of cytochrome 
qd. 

Like poky (1, 2), C117 is deficient in succinic oxidase and cytochrome 
oxidase activities, cytochrome a is not detectable, and the respiration of 
intact mycelium is not markedly affected by cyanide or azide. Moreover, 
the two components of cytochrome, reduced by succinate, cannot be readily 
oxidized by air. Thus the respiratory system of C117 does not seem to 
utilize the cytochromes. It seems likely that it is similar to that of poky 
(2). 

The strong and sharp band at 552 to 553 my was identified with cyto- 
chrome e on the basis of the following evidence: (a) it lies at about the 
same position as cytochrome e in Acetobacter, and (b) the aspect of the band 
is not modified by heating at 100° for 20 minutes, as that of the a-band of 
cytochrome e in Acetobacter (8). Cytochrome e resembles cytochrome ¢ 
both by the position and by the thermostability of its a-band. The pres- 
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ence of a strong cytochrome e band both in C117 and in the ‘‘modified 
C117” is of interest, as this component, which is widely distributed, is 
usually present in a minute amount (5). 


SUMMARY 


While the classical cytochrome system with the components (a + ag), 
b, and ¢ is found in wild type of Neurospora, the three strains mi-3, C115, 
and C117 present the following variations of their terminal oxidase systems. 

1. In mi-3 cytochromes c and b are present, but cytochrome (a + as) 
appears to be replaced by cytochrome a. The activities of cytochrome 
oxidase and succinic oxidase in cell-free preparations are, however, com- 
parable to those found with wild type. Moreover, the properties of these 
enzyme systems in mi-3 are similar to those of the typical cytochrome 
system as found in wild type or in heart muscle. 

2. In C115, although the absorption band of cytochrome a is hardly 
detectable, the determinations of respiratory activities of this strain are 
complicated by a frequent mutation to, and selection for, a genetically 
suppressed phenotype. 

3. The cytochrome component of C117 that was reported as possibly 
being cytochrome b; (3) has now been shown to correspond very closely 
to cytochrome e. 

4. Cytochrome b and cytochrome e, the only components found in C117, 
when reduced with a small amount of succinate, cannot be oxidized by 
air. Respiration in this strain is lower than in any other strain so far in- 
vestigated and is not markedly affected by azide or cyanide. It does not 
appear to utilize the cytochrome system. 
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Next to creatine, carnosine and anserine are the most abundant non- 
protein nitrogenous extractives of vertebrate muscle. Du Vigneaud and 
Behrens (1) summarized our knowledge of the biochemistry of these di- 
peptides up to 1939, and since that time many new studies on this subject 
have appeared. However, no valid physiological function has been as- 
signed to carnosine or anserine, and relatively little is known of their 
mode of origin or metabolism. 

Proof that carnosine is hydrolyzed in vivo was the demonstration by 
du Vigneaud and coworkers (2) that this peptide could adequately serve 
as the sole dietary source of histidine in rats. Also Hanson and Smith (3) 
isolated a specific carnosinase from kidney tissue. 

A study by Schenck and associates (4) has shown that the methyl group 
of anserine can be derived from the methyl radical of methionine in rabbits. 
It is of interest that the animal body appears unable to demethylate meth- 
ylhistidine. Sakami and Wilson (5) found that this compound failed to 
support the growth of rats on a histidine-deficient diet. Subsequently 
Searle and Westall (6) demonstrated the presence of 1-methylhistidine in 
urine. 

Presumably the simplest mode of biosynthesis of the dipeptides would 
involve condensation of #-alanine and histidine (or methylhistidine). 
Several investigators (7-9) have detected free B-alanine in animal tissue, 
and recently Williams and Krehl (10) reported the synthesis of carnosine 
from its constituent amino acids in liver slices. 

Another possible pathway might involve the decarboxylation of aspartyl- 
histidine (11). However, Schenck (12) could obtain no evidence for the 
a-decarboxylation of aspartic acid to 6-alanine, or of aspartylhistidine to 
carnosine, with either tissue slices or intact animals. 

The present work began with a search for a metabolic precursor of the 
B-alanyl portion of carnosine and anserine. Of a number of C"-labeled 


* This study was supported by grants from the Muscular Dystrophy Associations 
of America, Inc., and the National Institute of Neurological Diseases and Blind- 
ness, United States Public Health Service. 

t Submitted in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy at the University of Iowa, October, 1953. 
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compounds tested in chicks, none was as efficiently utilized as free B-alanine 
itself. This last compound has been used to study the metabolism of the 
B-alanyl peptides in vivo, with emphasis on the possible sites of synthesis, 
the pathways involved, and the stability of the dipeptides in musele. 
Some comparable experiments with histidine-C™ are also reported. 


Materials and Methods 


B-Alanine-1-C'\—This compound was synthesized from 12 mw of 
NaC"N, containing 1 mc. of C" as follows. 


(a) HOCH:CH:Cl + NaC4N — HOCH:2CH2C#N (13) 
(b) HOCH:CH:C'N + HBr — BrCH2CH2C“OOH (14) 
(c) BrCH,CH:C“OOH + (CH2)sN, > 


[(CH2)6N4]*CH:CH2C“O0- “Gon, HO’ 


H:NCH2CH:C“OOH (15) 


The product of Step a was not isolated, but used directly in Step b. 
The yield of recrystallized 8-alanine (decomposed at 194-197°) was 19 
per cent, based on the initial NaC'N; analytical results, 40.50 per cent C 
(theory 40.41) and 7.89 per cent H (theory 7.87). The labeled amino 
acid had a ninhydrin color value (16) identical with that of commercial 
B-alanine. When a sample was chromatographed on a starch column, 
101 per cent of the C' was recovered in a single sharp peak. The theo- 
retical specific activity was 0.083 mc. per mm. Measured with the mica 
window Geiger counter, this corresponded to 142,000 c.p.m. per mg. 

Administration of Various C'* Compounds and Preparation of Tissue 
Extracts—Newly hatched chicks (approximately 50 gm. in weight) were 
employed because they utilized 8-alanine more efficiently for dipeptide 
synthesis than did young rats or adult mice, and were generally well suited 
to routine work. Specified C'* compounds were injected intraperitoneally 
into groups of birds, often together with certain non-labeled substances. 
At stated time intervals, chicks were sacrificed from each group. The 
weighed leg muscle' of each bird was homogenized with 4 parts of 5 per 
cent trichloroacetic acid (TCA). After centrifugation, the residue was 
reextracted with 4 more parts of TCA. The two supernatant liquids 
were pooled, the TCA was extracted with ether, and the latter in turn 


removed by gentle heating. Liver extracts were prepared in the same 
manner. 


1 This tissue contained approximately 190 mg. of anserine and 45 mg. of carnosine 
per 100 gm. Anserine was determined as the difference between total ninhydrin 


and diazo (carnosine) color values of the peptide zone in a starch column chromato- 
gram. 
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Extractions of Radioactive Carnosine from Muscle Extracts—A modifi- 
eation of the diazotization method of Edlbacher et al. (17) for histidine 
was used. The procedure was first tested with ordinary muscle extracts 
to which histidine-2-C"* had been added. Aliquots containing approxi- 
mately 20 to 80 of the labeled amino acid were dried on glass microscope 
cover-slips, and the radioactivity was measured. Each slip was then 
rinsed into a tube with NasCO; and diazotized p-chloroaniline solution 
was added. After maximal development of the orange color (due chiefly 
to the carnosine of the muscle), the colored substances were extracted 
with n-butanol. The latter solvent was concentrated, evaporated on a 
cover-slip, and the residue recounted for C™. 

The over-all average recovery for five different histidine-2-C™ concen- 
trations was 95 per cent (Table I). Replicate determinations generally 


TABLE [ 


Recovery of Added Radioactive Histidine from Muscle Extracts by Butanol Extraction 
Following Diazotization 














om les | Histidine-2-C™ added per gm. muscle C¥ recovered | ae 

| 
| Y | average ¢C.p.m. average C.p.m. 

8 } 17.2 | 1330 1230 93 

5 20.3 | 1515 1440 95 

5 40.6 3030 2910 95 

5 | 61.0 | 4545 4350 98 

4 | 83.6 | 1220 5790 | 93 





agreed to within 3 to 5 per cent. Anserine, in which the imidazole ring 
is substituted, does not couple with diazotized p-chloroaniline, and was 
found not to be extracted from alkaline solution by butanol. 8-Alanine 
was likewise not extracted. 

Radioactivity Determination by Chromatography—The Stein and Moore 
method (18) was used for routine separation of 8-alanine, dipeptides, and 
histidine. The 2:1 propanol-0.5 n HCl was used at the onset and through- 
out the chromatogram. The 0.9 cm. column was employed with 9.6 gm. 
of anhydrous starch (instead of 13.4 gm.). As a result the amino acids 
and peptides were eluted relatively rapidly. For example, the histidine 
peak was at approximately 60 ml. instead of 97 ml. 

A chromatogram of a synthetic mixture (Fig. 1) gave recoveries of 103, 
98, and 95 per cent for 6-alanine, pL-carnosine,? and t-histidine, respec- 
tively. An analysis of muscle extract, also included in Fig. 1, shows that 
ninhydrin-positive substances were present throughout the chromatogram. 


* Kindly supplied by Dr. E. L. Smith, University of Utah. 
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However, they caused no interference, since the present studies were based 
on radioactivity measurements. When #-alanine-1-C™ and histidine-2-C" 
were added to chick muscle extract, the chromatographic recoveries of 
C* were 107 and 105 per cent. 

All attempts to separate carnosine and anserine on starch columns were 
unsuccessful. The practice finally adopted was first to determine the 
combined C™ content of the peptides by chromatographing a quantity of 
extract equivalent to approximately 0.5 gm. of muscle or liver. Then 
effluent fractions in the carnosine-anserine zone were individually counted 
on cover-slips, and the C™ values totaled. The arithmetic difference 
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Fia. 1. Separation of 0.20 mg. of 8-alanine, 0.32 mg. of pL-carnosine, and 0.25 mg. 
of t-histidine on a starch column. O, ninhydrin; A, diazo color, with the pure com- 
pounds; X, ninhydrin color values with 0.01 gm. of chick muscle extract. 


between this sum and the labeled carnosine value (determined as described 
in the preceding section) was taken as the radioactivity derived from 
anserine. Subsequently the position of the peptide region was confirmed 
by performing colorimetric diazo tests on the material on each cover-slip. 

The various C'-labeled compounds were purchased from Tracerlab, 


Inc., Boston, on allocation from the United States Atomic Energy Com- 
mission. 


RESULTS AND DISCUSSION 


Uptake of Various Labeled Compounds by Muscle—Because of wide 
differences in metabolism and rate of elimination from the body, it is 
admittedly very difficult to evaluate the results in Fig. 2. The C™ con- 
centrations in protein-free muscle extracts following the administration 
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of radioactive 8-alanine seem strikingly high in view of the very rapid 
deamination observed with 8-alanine-N" in rats (19). Assuming at least 
10 gm. of skeletal muscle per 100 gm. of chicks, there was a retention of 
about 3 per cent of the total administered 6-alanine-C“. Chromato- 
graphic analyses to be presented later showed that almost all of this C'* 
was present as dipeptides. 
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Fig. 2. Comparison of various C“ compounds as precursors of the 8-alanyl portion 
of muscle dipeptides. The specific activities in mc. per mm were sodium carbonate 
2.7, sodium formate 1.0, sodium acetate 1.0, glycine-1-C™ 1.0, a-alanine-1-C™ 0.3, 
6-alanine-1-C™ 0.08, and aspartic acid-4-C™ 0.75. The dosage levels were all in the 
range of 4 to 7 um per 100 gm. in body weight, except for acetate and a-alanine (2.4 
and 10.8 um, respectively). Each point represents one chick. 


The highest percentage uptakes were obtained with glycine, a compound 
known to be metabolized more slowly than such amino acids as a-alanine 
and glutamic and aspartic acids. Upon analysis of the 2 day extract, 
it was found that over two-thirds of the glycine-C“ appeared in creatine,‘ 
while the dipeptide fraction had insignificant radioactivity. Similarly 
about 65 per cent of the 3 day formate-C'* value was due to creatine,‘ 
presumably labeled in the methyl group. Again no appreciable C™ was 
found in the dipeptides. This negative result may reflect the slowness of 
the methylation of anserine (4). 


* Approximately 90 per cent of the C' was recovered in expired CO: 4 hours after 
the administration of 8-alanine-1-C™ to the rats. 


‘Creatine was isolated with starch columns and identified by the Jaffe reaction. 
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Relatively low isotopic concentrations were found in muscle extracts be q 
following administration of labeled carbonate, acetate, a-alanine, or aspar- of tl 
tate, and chromatograms were not attempted. The very low uptakes of E 
labeled aspartic acid do not definitely rule out this amino acid as a physio- into 


logical precursor of 8-alanine, but make this pathway appear less plausible, 
The very rapid deamination of aspartic acid in animals (20) would pre. 
sumably lessen the opportunity for decarboxylation. 

Recently, Fink and coworkers (21) have demonstrated with liver slices 
that 8-alanine can be formed from dihydrouracil. This substance, or a 
related cyclic compound, may represent the physiological precursor of 8- 
alanine. 

Relative Degrees of Retention of B-Alanine-C'* by Liver and Muscle—A 
relatively large quantity, 4 mg. of 8-alanine-1-C™ per chick, was given 
to each of a group of eight birds in order to insure radioactivities adequately 
high for chromatographic analyses of tissues. It may be seen in Fig. 3, 4 
that the non-protein C™ concentration in liver reached a peak in about 10 
hours and then declined rapidly. About one-half of the C“ was present 
as free B-alanine at 10 hours and one-third at 18 hours. The dipeptides 
had insignificant radioactivities. The distribution of the remainder of the 
C" in the chromatograms was not determined. 

In Fig. 3, B, the C“ concentration of muscle extract was comparable 
to that initially present in liver. However, after an initial decrease, the 
radioactivity remained relatively constant at a comparatively high level. 
The latter corresponded to a retention of approximately 0.20 per cent 
of the administered dose per gm. of muscle. This value reflects a slightly 
lower efficiency of 8-alanine uptake than in Fig. 2, in which the dosage 
level was relatively low. The very rapid fall in labeled 8-alanine (in Fig. 
.3, B) was paralleled by a rise in peptide-C“ concentration. After 20 
hours the carnosine-anserine fraction accounted for 90 to 95 per cent of 
the total C4, while the 8-alanine radioactivity declined to less than 5 per 
cent of the total. The relative constancy of the dipeptide-C" reflects a 
low rate of turnover in muscle. 

Further evidence that the C™ found in the dipeptide region of the chro- 
matograms was due to conjugated 6-alanine is given in Fig. 4. In this 
experiment, the radioactive effluent fractions in the dipeptide zone were 
pooled after counting and hydrolyzed for 8 hours with 6 N HCl, and the 
hydrolysate was rechromatographed. It may be seen that the radio- 
activity shifted from the dipeptide to the 8-alanine region. 

The relatively inappreciable concentrations of dipeptide-C" in liver are 
in accord with the reported absence of diazotizable substances (1). If 
liver can synthesize these peptides readily in vivo, as tissue slice experi- of 
ments suggest (10), the removal of these substances from the liver must B, 
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be quite rapid. On the other hand, it seems rather likely that one or both 
of the peptides may be synthesized in muscle tissue. 

Effect of Non-Isotopic Amino Acids on B-Alanine-1-C Incorporaiion 
into Peptides—At the 22 um dosage level employed in Table II, the C" 
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Fic. 3. Radioactivity in protein-free extracts at varying time intervals after 


administration of 8-alanine-1-C™ (90 um per 100 gm. in body weight). A, liver; 
B, muscle. 





258 


CARNOSINE AND ANSERINE 











us 600+ 
3 BEFORE , 
> 400F HYDROLYSIS 
DIPEPTIDE ° 1500 
a bem 
5 PEAK Je CTS./ 
= MIN. 
0 |-2ecloccccicee io | ‘ola 1 
- 
< AFTER @ B-ALANINE 
° 400F acip © PEAK 
HYDROLYS- o 
2 200- 48 1455 
= ? CTS./ MIN. 
t O | oe shane Loeeoleco i l 
™ 20 30 40 50 60 70 
ML. OF EFFLUENT 


Fic. 4. Chromatographic C™ analysis of a muscle extract before and after 17 hours 
acid hydrolysis. 


TABLE II 
Effect of Certain Amino Acids on Incorporation of Labeled B-Alanine into Carnosine 
and Anserine of Muscle 

The results are the averages for groups of four birds each sacrificed at each time 
interval. §8-Alanine-1-C'™ was administered at a level of 22 um per 100 gm. in body 
weight in all cases. Carnosine-C' was determined by the diazotization-butanol 
extraction method, and anserine was calculated by difference. The values for C¥ 
are given in counts per minute per gm. of muscle. 





| 
| Ratio of 

















Non-isotopic compound {mM dosage| Prior to ag a A a wth usc | Carnosine-C™ 
. * * In inilia — —_—_—— OS - 
given simultaneously E. | sacrifice | extracts | oo Nee a 
(1) a | @ | @ (5) (6) @) 
hrs. 
Control 24 750 330 420 0.785 
‘«  (B-alanine-C™ 48 790 265 525 0.505 
alone) 
L-Histidine 3.3 24 800 360 440 0.82 
- 3.3 48 715 215 500 0.43 
- + u-meth-| 3.3 24 895 380 515 0.74 
ionine 48 705 230 475 0.485 
pu-1-Methylhistidine 3.3 24 1090 350 740 0.475 
48 1060 325 735 0.44 
put-1-Methylhistidine 12.5 24 1110 285 825 0.345 
48 1240 240 1000 0.24 
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content of the muscle extracts in the control experiments (Column 4) 
represented an efficiency of 6-alanine uptake intermediate between those 
in Fig. 2 and in Fig. 3, B. In view of the results in Fig. 3, B, the total 
C“ content of muscle extracts, prepared after 24 and 48 hours, was con- 
sidered essentially equal to the sum of carnosine plus anserine C"*. 

It may be seen that neither histidine alone nor histidine plus methionine 
caused significant alterations in the total C' concentration of muscle 
extracts, as compared to the control experiments. However, the increases 
obtained with both levels of methylhistidine are considered significant. 
This stimulation, most marked with the 12.5 m ratio, implies that methyl- 
histidine may be in the path of anserine synthesis. The same conclusion 
is suggested by the depressant effect of methylhistidine on the carnosine-C“ 


TaB_e IIT 
Effect of Certain Amino Acids on Uptake of Labeled Histidine by Chick Muscle 
pL-Histidine-2-C™, with a specific activity of 0.09 mc. per mm, was employed at a 


level of 22 um per 100 gm. in body weight. The values are the averages for groups of 
four to five birds, sacrificed after 48 hours. 











Non-isotopic compound given simultaneously ea. to ge pee ge 
Control (histidine-C™ alone)............ 0.075 
I ss iis whine ORG wewwwiee 3.3 0.088 
pi-l-Methylhistidine................... 3.3 0.063 

is eT eee 13.5 0.053 
ER Se 0s 5 SARAH Sane eA a 10.0 0.040 











to anserine-C™ ratios in Column 7. However, a comparison of the various 
figures at 24 and 48 hours indicates that this ratio was always lower at the 
longer time interval. This finding is suggestive of a progressive methyla- 
tion of carnosine. Accordingly, it seems possible that anserine synthesis 
may proceed both by the methylation of carnosine and by the combination 
of 6-alanine and methylhistidine. 

Incidentally, it may be noted that the C™ ratios in Table II tended 
toward the value, 0.23, which was found to be the physiological ratio 
of total carnosine to anserine concentration in chick muscle. 

Uptake of Histidine-2-C™ by Chick Muscle—In Table III it is seen that 
the simultaneous administration of B-alanine increased the histidine-C“ 
uptake slightly. The depressant effect of methylhistidine, most marked 
at the higher level, might be explained by assuming that it caused an iso- 
topic dilution of labeled methylhistidine, formed from histidine-C", and 
hence acted as a metabolic trap. But, alternatively, it is possible that 
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methylhistidine was a competitive inhibitor of histidine-C™ utilization, 
This latter type of effect might also explain the inhibition observed with 
p-histidine. 

Somewhat unexpected was the finding that labeled histidine taken up 
by muscle was metabolized rather slowly, and could still be detected after 
2 days. 12 hours after administration of histidine-C“ (Table IV), over 
60 per cent of the radioactivity in muscle extract was present as free his- 
tidine, while at 48 hours the corresponding figure was 47 per cent. At 
96 hours only a single dipeptide peak was observed. 

Accordingly, the 48 hour control value in Table III represents C¥ of 
both histidine and dipeptide. However, unless it is argued that methyl- 
histidine and p-histidine depressed the penetration of labeled histidine into 


TaBLe IV 
Chromatography of Muscle Extracts of Chicks after Administration of Labeled Histidine 


Single chicks, given 22 um of pu-histidine-2-C™ per 100 gm., were sacrificed at the 
indicated time intervals. 





| C4, c.p.m. per gm. muscle 
After injection | 








Dipeptide region Histidine region 
hrs. ia a ier ter es 
12 149 246 
48 106 93 
96 93 0 








muscle tissue, the alterations produced by these compounds must reflect 
decreases in peptide C™. 

The difficulty in comparing the percentage utilization of the different 
labeled compounds in vivo has already been mentioned. It is of interest, 
nevertheless, to point out that labeled pu-histidine was utilized only a 
sixth as efficiently for dipeptide synthesis as an equivalent dosage of iso- 
topic 6-alanine. 


SUMMARY 


Of a number of C' compounds tested as possible precursors of the 
B-alanyl portion of carnosine and anserine in chicks, §-alanine itself was 
most efficiently utilized. Some 20 hours after administration of -alanine- 
1-C'4, 90 to 95 per cent of the non-protein C'™ of muscle was shown to be 
in conjugated form, and the level of radioactivity did not decline appre- 
ciably over several days. By contrast, the C™ of B-alanine decreased very 
rapidly in liver, and no significant concentrations were found in the di- 
peptides. 
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The stimulatory effect of 1-methylhistidine upon f-alanine-1-C™“ and 
its inhibitory action on histidine-2-C" incorporation into muscle suggested 
that methylhistidine lies in the pathway of anserine synthesis. However, 
changes in the carnosine-C" to anserine-C" ratio with time were indicative 
that methylation of carnosine also occurs. 


BIBLIOGRAPHY 


1. du Vigneaud, V., and Behrens, O. K., Ergeb. Physiol. u. erp. Pharmakol., 41, 
917 (1939). 

2. du Vigneaud, V., Sifferd, R. H., and Irving, G. W., Jr., J. Biol. Chem., 117, 
589 (1937). 

. Hanson, H. T., and Smith, E. L., J. Biol. Chem., 179, 789 (1949). 

. Schenck, J. R., Simmonds, 8., Cohn, M., Stevens, C. M., and du Vigneaud, V., 

J. Biol. Chem., 149, 355 (1943). 

Sakami, W., and Wilson, D. W., J. Biol. Chem., 164, 215 (1944). 

Searle, J. M., and Westall, R. G., Biochem. J., 48, p. 1 (1951). 

Rouser, G., and Tishkoff, G. H., Federation Proc., 10, 240 (1951). 

Gordon, A. H., Biochem. J., 45, 99 (1949). 

. Winnick, R. E., and Winnick, T., J. Nat. Cancer Inst., 14, 519 (1953). 

10. Williams, H. M., and Krehl, W. A., J. Biol. Chem., 196, 443 (1952). 

ll. du Vigneaud, V., and Hunt, M., J. Biol. Chem., 125, 269 (1938). 

12. Schenck, J. R., J. Biol. Chem., 149, 111 (1943). 

13. Org. Syntheses, 2nd edition, coll. 1, 256 (1941). 

14. Org. Syntheses, 3, 25 (1923). 

15. Wendler, N. L., J. Am. Chem. Soc., 71, 375 (1949). 

16. Moore, S., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 

17. Edlbacher, S., Baur, H., Stachelin, H. R., and Zeller, A., Z. physiol. Chem., 270, 

158 (1941). 

18. Stein, W. H., and Moore, S., J. Biol. Chem., 176, 337 (1948). 

19. Graff, J., and Hoberman, H. D., J. Biol. Chem., 186, 369 (1950). 

2. Wu, H., and Rittenberg, D., J. Biol. Chem., 179, 847 (1949). 

21. Fink, R. M., Fink, K., and Henderson, R. B., J. Biol. Chem., 201, 349 (1953). 


—_- 


ono or 


oc 











sho 


was 
pig 
fro. 
ZyT 


in \ 
Th 
enz 


wel 
me’ 
eith 
for 

con 








occ san 


GLYCINE N-ACYLASE: PURIFICATION AND PROPERTIES* 


By DAVID SCHACHTER anp JOHN V. TAGGART 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Presbyterian Hospital, New York, New York) 


(Received for publication, December 7, 1953) 


In studies previously reported (1), the benzoyl thioester of CoA! was 
shown to be the energy-rich intermediate in the enzymatic synthesis of 
hippurate. The transfer of the benzoyl group from the acyl CoA to glycine 
was demonstrated with a soluble, partially purified system derived from 
pig kidney cortex. The present communication describes the preparation, 
from an acetone powder of beef liver mitochondria, of a highly purified en- 
zyme which catalyzes the following reaction, 


(1) R—CO—S—CoA + H:N—CH:—COOH — 
R—CO—NH—CH,;—COOH + CoA-SH 


in which R—CO represents a variety of aliphatic and aromatic acyl groups. 
Therefore, the enzyme previously referred to as the hippurate-condensing 
enzyme (1) is more appropriately designated as “‘glycine N-acylase.” 


Materials and Methods 


Reagents—Acetyl CoA, propionyl CoA, n-valeryl CoA, and benzoyl CoA 
were prepared from Pabst CoA by modifications of the acid anhydride 
method of Simon and Shemin (1-3). The residual acid anhydride was 
either removed by repeated ether extractions or decomposed by boiling 
for 5 minutes at pH 3.0. The samples used for estimating the Michaelis 
constants were further purified by chromatography on Whatman No. 3 
paper with ethanol-sodium acetate of pH 4.5 as the solvent (1,4). n-Buty- 
rylglycine and n-valerylglycine were prepared from the respective acid 
chlorides by modifications of the methods of Bondi and Eissler (5) and von 
Neher, Wettstein, and Miescher (6). After two recrystallizations from 
ether-petroleum ether, n-butyrylglycine melted at 69° (Bondi and Eissler 


report 70° (5)) and n-valerylglycine melted at 82-83° (Katz et al. (7) report 
80.5-82°). 


* This work was supported by the Rockefeller Foundation and by the Edward N. 
Gibbs Prize Fund of the New York Academy of Medicine. 

t Fellow of the Life Insurance Medical Research Fund. 

' The following abbreviations are used in this paper: coenzyme A, CoA or CoA-SH; 
adenosinetriphosphate, ATP; adenosine-5-phosphate, AMP; inorganic pyrophos- 
phate, P-P;; p-aminobenzoate, PAB; p-aminohippurate, PAH; glutathione, GSH; 
2,3-dimercaptopropanol, BAL; tris(hydroxymethyl)aminomethane, Tris; Michaelis 
constant, K,,; maximal velocity when substrate concentration = ©, Vm. 
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Samples of p- and L-alanine, glycylglycine (Hoffmann-La Roche), gly. 
cyl-p-alanine, glycyl-L-alanine, glycyl-t-leucine, and glycylglycylglycine T 
were obtained from the late Dr. Erwin Brand. The sources of other chem. ens’ 
icals have been reported previously (1). otk 
Analytical Methods—The procedures used for estimating free —SH, the cru 
acyl mercaptans of CoA, hydroxamic acids, PAH, and hippurate were as cha: 
previously described (1). n-Butyrylglycine and n-valerylglycine were esti- ens 
mated by the method developed by Chantrenne (8) for hippurate. Ip. Ins 
organic pyrophosphate was converted to orthophosphate by yeast inor- sup 
ganic pyrophosphatase (9), and orthophosphate was estimated by the faci 
method of Fiske and Subbarow (10). 
The electrophoresis studies were performed in the laboratory of Dr. Dan 
H. Moore and the ultracentrifuge study by Dr. Max Eisenberg. 
EXPERIMENTAL 
Assay of Glycine N-Acylase Activity 
The activity of the enzyme at various stages of purification was assayed 
in the Beckman DU spectrophotometer by a method previously described 
(1). This method is dependent upon the decrease in light absorption at 
280 mu which accompanies the cleavage of the benzoyl thioester linkage: 
a decrease in optical density of 0.730 (1 cm. light path) corresponds to the 
splitting of 0.1 wm of benzoyl CoA per ml. In each assay, comparison was 
made between the complete system and a glycine-free control. The cleay- 
age of benzoyl CoA which occurs with crude extracts, even in the absence . 
of glycine, has been attributed to a benzoyl CoA deacylase. In crude ex- 
tracts of beef liver mitochondria, the deacylase accounts for only 10 per | 
_cent of the total apparent activity. During the subsequent purification 
procedures, the deacylase activity becomes negligible. ce 
1 unit of glycine N-acylase activity is defined as a decrease in optical be 
density (280 mu, 1 em. light path) of 0.100 per minute when the initial V 
concentration of benzoyl CoA is 0.04 to 0.08 um per ml. The rate of the ul 
reaction is not constant with time, even during the Ist minute. The ob- ti 
served fall in rate is not attributable either to a depletion of substrate or to te 
inactivation of the enzyme, but appears to be the result of product inhibi- a 
tion, as described in a later section. In the assay procedure, activity has 01 
been calculated on the basis of the decrease in optical density observed 
between 15 and 45 seconds after the addition of enzyme. Protein was esti- a 
mated by the biuret method (11), and specific activity has been expressed g 
as units per mg. of protein added. Fig. 1 shows the linear relationship 8 
which exists between the concentration of enzyme and the velocity of the i 
reaction under these conditions. d 








XUM 


) ’ gly- 
‘ly cine 
chem- 


H, the 
ere ag 
€ esti- 
» In. 
| inor- 
”y the 


r. Dan 


ssayed 
cribed 
ion at 
nkage; 
to the 
yn was 
cleav- 
bsence 
de ex- 
10 per 
cation 


yptical 
initial 
of the 
he ob- 
e or to 
inhibi- 
ty has 
served 
s esti- 
ressed 
onship 
of the 





D. SCHACHTER AND J. V. TAGGART 265 


Purification of Glycine N-Acylase 


The following method was employed originally for purification of the 
enzyme obtained from an acetone powder of rabbit liver. The specific 
activity was increased approximately 25-fold, compared with that of the 
crude extract, but the over-all yield was insufficient to permit an adequate 
characterization of theé’enzyme. Therefore, a more abundant source of the 
enzyme was sought. We are greatly indebted to Dr. D. E. Green of the 
Institute for Enzyme Research, University of Wisconsin, for a generous 
supply of an acetone powder of beef liver mitochondria and for providing 
facilities for the subsequent fractionation. 
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Fig. 1. Spectrophotometric assay for glycine N-acylase activity. The relation- 
ship between activity (AOD2s0) and the concentration of enzyme is shown. The 
complete system was as described in Table I, except that a preparation of glycine 
acylase (62 units per mg.) was used throughout. 


Extraction and Fractionation—Table-I summarizes the purification pro- 
cedures; all operations were performed at 0-5°. The acetone powder of 
beef liver mitochondria (1045 gm.), prepared as described by Mahler, 
Wakil, and Bock (12), was extracted with continuous stirring for 30 min- 
utes in 10 volumes of 0.02 m potassium phosphate of pH 7.5. Centrifuga- 
tion yielded 9080 ml. of a supernatant solution containing 272 gm. of pro- 
tein, specific activity 1.5 units per mg. Such an extract is 2 to 3 times as 
active as that obtained from the rabbit liver acetone powder and has only 
one-fifth as much benzoyl CoA deacylase activity. 

To each 100 ml. of crude extract 24.7 gm. of solid ammonium sulfate were 
added (35 per cent saturation). After centrifugation, an additional 10.6 
gm. of ammonium sulfate were added to each 100 ml. of the supernatant 
solution (50 per cent saturation). The precipitate (AS35350) was dissolved 
in a minimal volume of 0.02 m KHCO; and dialyzed against 5 volumes of 
deionized water for 3 hours with continuous stirring. 
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Adsorption of Impurities with Calcium Phosphate Gel—Calcium phosphate frac 


gel was prepared by the method of Keilin and Hartree (13). The dialyzed am! 
AS35-50 fraction was diluted with 0.01 m KHCQ; to a protein concentration The 
of 20 mg. per ml. and stirred for 20 minutes with sufficient gel to give 06 and 
mg. of gel solids per mg. of protein. The mixture was centrifuged and the tior 
precipitate discarded. The first gel adsorption remeved approximately 40 per 
per cent of the total protein and increased the specific activity by about 38 cres 
per cent. Solid ammonium sulfate was added to the supernatant fluid to per 


70 per cent saturation, and the precipitate obtained by centrifugation was 
redissolved in 0.02 m KHCO; and dialyzed as described above. 














TaBLe I 
Purification of Glycine N-Acylase 

Fraction | Volume | Protein con-| Total | Specie | Activity 

y See ae - per ml. | -_. ~ unite bor we. | i= 

Crude extract............... | 9080 29.9 | 272 1.5 | 408,000 

RES Bae | 1290 78.5 101 3.9 | 395,000 

SS eee | 6595 9.1 60 5.4 | 324,000 

vee. cae otic. A Se 11.2 11.7 | 132,000 

Nucleate + AS........... 44.0 | 42.6 1.85 50.1 92,900 
Ammoniacal AS........ | 8.5 | 69.8 0.56 80.1 44,900 | 
Activity was assayed by the spectrophotometric method described in the text. a 
The test system contained 0.12 to 0.24 um of benzoyl CoA, 180 um of glycine, 90 um of od 
potassium phosphate buffer or Tris buffer pH 8.0, 15 to 150 y of protein, and water to ly 
a final volume of 3 ml. gly 
am 
tin 

A second gel adsorption, with 1.2 mg. of gel solids per mg. of protein, 

‘ removed 80 per cent of the remaifing protein and increased the specific 
activity by another 2-fold. The efficiency of this step in the purification 
procedure has been found to be quite variable. Consequently, the most 
satisfactory proportion of gel solids to protein must be determined in pilot ab 
experiments for each preparation. as 

Nucleate and Ammonium Sulfate—The dialyzed supernatant solution was at 
adjusted to pH 5.4 by the dropwise addition of 10 per cent acetic acid. “ 
A 2 per cent solution of yeast nucleic acid (Nutritional Biochemicals), ad- ti 
justed to pH 5.5 with KOH, was added to give 0.1 mg. of nucleate per mg. th 
of protein. After 20 minutes, a copious inactive precipitate was removed + 
by centrifugation. The protein recoverable from the supernatant fluid id 
between 35 and 43 per cent saturation with ammonium sulfate was redis- le 
solved and dialyzed; yield, 1.85 gm. of protein; specific activity, 50.1 units 
per mg. (1 

Ammoniacal Ammonium Sulfate—The preceding supernatant fluid was 2, 
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fractionated with ammoniacal ammonium sulfate (95 volumes of saturated 
ammonium sulfate and 5 volumes of concentrated ammonia, pH 8.3). 
The fraction obtained between 45 and 50 per cent saturation was collected 
and dissolved in 0.02 m KHCO; to yield 8.5 ml. of a faintly yellowish solu- 
tion containing 0.56 gm. of protein having a specific activity of 80.1 units 
per mg. The combined purification procedures resulted in a 53-fold in- 
crease in the specific activity of the protein, with an over-all recovery of 11 
per cent of the original activity. 
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Fig. 2. Synthesis of PAH from PAB. The complete system contained 3 um of 
PAB, 0.25 um of CoA-SH, 3 um of ATP, 20 um of GSH, 3 um of MgCle, 50 um of Tris 
buffer pH 8.0, 60 um of glycine, enzyme as indicated below, and water to a final 
volume of 1 ml. The enzyme added was either the activating enzyme alone (@), 
glycine N-acylase (80.1 units per mg.) alone (O), or a combination of varying 
amounts of activating enzyme and 50 y of glycine acylase (A). Temperature 38°; 
time 15 minutes. 


Activation Enzyme 


A partially purified enzyme, obtained from the AS35-50 fraction described 
above, was used for the enzymatic synthesis of a variety of aliphatic and 
aromatic S-acyl derivatives of CoA. The AS:5-s59 fraction was refraction- 
ated, first with ammonium sulfate (36 to 46 per cent saturation) and sub- 
sequently with ammoniacal ammonium sulfate (46 to 53 per cent satura- 
tion). This preparation showed a 5-fold increase in activity over that of 
the crude extract, as determined by the rate of PAH synthesis from PAB 
+ ATP + CoA-SH. The activating enzyme, which is presumed to be 
identical with the fatty acid-activating enzyme (FAAE) described by Mah- 
ler et al. (12),2 had no detectable adenosinetriphosphatase or inorganic 

? This enzyme activates the fatty acids of C, to Ci2 chain length. Mahler et al. 


(12) have presented evidence that certain aromatic acids (benzoic, phenylacetic, and 
2,4-dichlorophenoxyacetic) are also activated by the enzyme. 
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pyrophosphatase. Our preparation of the activating enzyme contained ient 
sufficient glycine N-acylase, and so the latter was never rate-limiting in the | spec 
over-all synthesis of PAH from PAB (Fig. 2). II) 
Properties of Glycine N-Acylase 7 

Criteria of Purity—A sample of the enzyme (80.1 units per mg.) was 
examined electrophoretically in 0.15 m potassium chloride-0.02 m potas. Libe 
sium phosphate at pH 6.7, 7.4, and 8.2. Two components were observed 
throughout this range of pH; at pH 7.4, the mobility of the major com- 
ponent was 3.3 X 10~*° cm.” volt—! sec.—!, while that of the minor component 
was 6.0 X 10-° cm? volt sec.—! (Fig. 3). The major component, which 
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Fig. 3. Pattern obtained from a 1 per cent solution of glycine N-acylase (80.1 is 
units per mg.) in phosphate buffer of pH 7.4 and an ionic strength of 0.2, after elec- is 
trophoresis for 135 minutes at 4.3 volts per cm. is 
Fia. 4. Ultracentrifuge pattern of glycine N-acylase (80.1 units per mg.), protein Se 
concentration 1.4 per cent, 127 minutes after full speed (258,000 X g) was attained. L 
Temperature 20°. P 
8. 

. comprised from 70 per cent (pH 6.7) to over 90 per cent (pH 8.2) of the A 
a 


total, had the same specific activity as the original sample. 

In the analytical ultracentrifuge, this preparation showed a single peak | 
(Fig. 4), with soo = 11.5. Assuming a spherical configuration and a partial 0.2 
specific volume of 0.75 for the protein, the calculated molecular weight is 8.0 


approximately 190,000. K 
The final preparation contained no detectable acetate-activating enzyme, 2 
fatty acid-activating enzyme, adenosinetriphosphatase, inorganic pyro- 
phosphatase, or benzoyl CoA deacylase. au 
Acyl Substrate Specificity—In preliminary studies, the activating enzyme Ar 
was used as a donor system for generating a variety of acyl thioesters of po 
CoA. Mahler et al. (12) have established the stoichiometry of the reaction pl 
catalyzed by this enzyme (Equation 2). an 
(2) R—COOH + CoA-SH + ATP — R—CO—S—CoA + AMP + P-Pi ™ 
The liberation of inorganic pyrophosphate (P-P;) provides a conven- p. 
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ient means for following the activation of the various acids. The substrate 
specificity of the activating enzyme observed in the present study (Table 
II) corresponds well with that reported by Mahler et al. (12). In addition, 
various aromatic carboxylic acids, other than those reported by the above 


TaBLe II 


Liberation of Inorganic Pyrophosphate Accompanying Activation of Various Aliphatic 
and Aromatic Acids, and Effect of Glycine in Presence of Glycine N-Acylase 


























P-Pj liberated | P-P; liberated 
Aliphatic acids Pe Aromatic acids 
| No | With No With 
glycine glycine glycine glycine 
uM uM MM uM 

Acetic 0 0 Benzoic 0.10 0.15 
Propionic 0 0 p-Aminobenzoic 0.16 0.34 
Butyric 0.33 0.39 p-Hydroxybenzoic 0.12 0.19 
Valeric 0.25 0.50 m-Aminobenzoic 0.22 0.27 
Caproic 0.42 0.57 m-Hydroxybenzoic 0.23 0.29 
Heptylic 0.23 0.35 o-Aminobenzoic 0 0 
Octanoic 0.26 0.30 o-Hydroxybenzoic 0 0 
Nonanoic 0.16 0.24 Carinamide 0.39 0.37 
Decanoic 0.18 0.25 Benemid 0 0 
Lauric 0 0 Phenylacetic 0.16 0.22 
iso-Butyric 0.09 0.15 p-Aminophenylacetic 0.05 0.07 
iso-Valeric 0.08 0.19 Phenylpropionic 0.43 0.74 
iso-Caproic 0.28 0.43 Cinnamic 0.74 0.82 
Sorbic 0.17 0.21 Phenylpyruvic 0 0 
Lactic 0 0 a-Picolinic 0.21 0.28 
Pyruvic 0 0 Nicotinic 0.13 0.15 
8-Hydroxybutyric | 0 0 Homogentisic 0 0 
Acetoacetic 0 0 
a-Aminovaleric | 0 0 











The complete system contained 5 um of the potassium salt of the indicated acid, 
0.25 um of CoA, 3 um of ATP, 20 um of GSH, 3 um of MgCls, 50 um of Tris buffer pH 
8.0, 100 y of activating enzyme (diluted in 1 per cent bovine serum albumin-0.02 m 
KHCO;), 60 um of glycine when indicated, and water to a final volume of 1 ml. Tem- 
perature 38°; time 40 minutes. The activating enzyme (cf. the text) contains an 
excess of glycine N-acylase. 


authors, were found to serve as substrates for the activating enzyme. 
Among the derivatives of benzoate, only those substituted in the ortho 
position and benemid (p-(di-n-propylsulfamyl)benzoate) proved to be com- 
pletely inactive. It is of interest that the heterocyclic acids, a-picolinic 
and nicotinic, appear to be capable of forming acyl mercaptans of CoA. 
When glycine was added to the activating system in the presence of an 
excess of glycine N-acylase, the liberation of an additional quantity of 
P-P; was generally observed (Table II). This may be taken as evidence 
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of a transfer of the acyl group from CoA to glycine (Equation 1), since re- 
moval of the product of the activation reaction permits that reaction to 
proceed further toward the right. Direct evidence that the increment jn 
P-P; liberation is related to glycine conjugation is presented for two of the 
fatty acids in Table ITI. 

The acyl group specificity of purified glycine N-acylase was also examined 
with several acyl mercaptans of CoA prepared chemically by the acid an- 
hydride method. In this case, transfer of the acyl group from CoA to 
glycine was followed by estimating the amount of CoA-SH liberated (Equa- 
tion 1). When either acetyl CoA, propionyl CoA, valeryl CoA, or benzoyl] 
CoA was incubated with glycine and the enzyme, a significant liberation of 
free —SH occurred (Table IV). It is noteworthy that no such acy] transfer 
could be demonstrated with succinyl CoA. Ina balance study with valery] 

















TaB.e III 
Balance between Increment of Inorganic Pyrophosphate Liberated and Conjugation of 
Glycine 
P-Pj liberated “ 
Substrate added af Glycine 
. | : conjugated 
No glycine | With glycine A 
uM uM uM uM 
Butyrate...... ee ee eee 0.22 0.62 0.40 0.46 
ane reer 0.39 1.18 0.79 0.72 

















System and conditions as in Table II, except for 200 y of activating enzyme. 


CoA, the appearance of 0.30 um of —SH accompanied the formation of 
0.35 um of valerylglycine, while with benzoyl] CoA the corresponding values 
- were 0.50 um of —SH and 0.43 un of hippurate. 

Representative products of the acyl transfer reaction have been exam- 
ined by paper chromatography, as reported in Table V. The various 
products were identified by comparison of their Rr values with those of 
authentic samples. In addition, the eluates of duplicate spots were hy- 
drolyzed in 2 N KOH, and glycine was identified by the method of Alexan- 
der et al. (14). 

A sample of the enzyme (62 units per mg.) was used for estimating the 
Michaelis constants for three representative substrates. The data ob- 
tained over a 5-fold range of substrate concentration were plotted by the 
method of Lineweaver and Burk (15) and yielded the following values for 
K,, and Vn. 

Acetyl CoA. Kn = 8.5 X 10-4 M, Vn 


Valeryl ‘“ ‘ wsxnw “* 
Benzoyl =“ 2 epee 


6.0 X 10-5 mm per min. per 100 y protein 
[Ra He OY aS 
1.2 x 107-4 “ce ae ae se 100 ce ae 
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Under standard assay conditions, the best preparation of the enzyme 
converts 1.55 um of benzoyl CoA to hippurate per mg. of protein per min- 


TaBLe IV 
Liberation of —SH from Acyl CoA without and with Glycine 


—SH liberated 
Acyl CoA added ay 











/ ‘No giycins " With glycine 
a a ae Pe uM 
Acetyl CoA....... : seit Sh <0.01 | 0.05 
Propionyl CoA. . : <0.01 0.12 
Valery] CoA ; <0.01 0.18 
Benzoyl ‘‘ pared 0.01 0.20 
Succinyl “ . oul 0.01 0.01 


The complete system contained 100 y of glycine acylase (62 units per mg.), 0.2 
um of the indicated acyl] CoA, 50 um of Tris buffer pH 8.0, 60 um of glycine when 
indicated, and water to a final volume of 1 ml. Temperature 25°; time 5 minutes. 

TABLE V 
Identification of Reaction Products by Paper Chromatography 











Rr 
Compound Solvent system benamaceal — 
Unknown | Known 
Hippurate Butanol-acetie acid 0.88 0.88 
p-Aminohippurate | a sp 0.38 | 0.39 
Butyrylglycine | n-Pentanol-acetic acid 0.70 | 0.71 
Valerylglycine | e . 0.83 | 0.85 














For hippurate, butyrylglycine, and valerylglycine, the final reaction mixture was 
adjusted to pH 2.0 with H.SO, and extracted three times with butanol-chloroform 
(1:5). The organic phase was evaporated to 0.2 ml. and applied to Whatman No. 1 
paper for an ascending chromatogram with the indicated solvent system. After 
development, spots were located by spraying with an alcoholic solution of brom 
cresol green. For PAH, the reaction mixture was deproteinized by boiling, adjusted 
to pH 3.95, and extracted three times with ether to remove PAB. Following diazoti- 
zation and coupling with N!-naphthylethylenediamine, the colored product was ex- 
tracted into butanol and applied to Whatman No. 1 paper. In the butanol-acetic 
acid system, glycine had an Rp of 0.14, while that of the diazotized and coupled 
product of PAB was 0.65. In the pentanol-acetic acid system (7), the Rp of glycine 


was 0.02. Katz et al. (7) report an Rp of 0.72 for butyrylglycine and 0.82 for valeryl- 
glycine. 


ute. Calculated on the basis of a molecular weight of 190,000 for the 
enzyme, the turnover number is approximately 290 moles of substrate per 
mole of enzyme per minute. When the calculation is based on the velocity 
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of the reaction during the first 15 seconds, the turnover number is ap- 
proximately 500. 

Glycine Specificity—When tested with benzoyl CoA as the acyl donor, 
the enzyme appears to be completely specific for glycine. Under standard 
assay conditions, the K,, for glycine is 1.4 X 10-2 m. None of the other 
natural a-amino acids will substitute for glycine as the acyl acceptor: 
Other compounds found to be inactive as acceptors are the following: 
N-substituted glycine (sarcosine, acetylglycine), glycine ethyl ester, glycyl- 
glycine,‘ glycylglycylglycine, glycylalanine, glycylleucine, a-aminobutyrate, 
8-alanine, glutamine, glucosamine, ammonium salts, sulfanilamide, choline, 
glucuronate, or glucuronolactone. 

Stability—Glycine N-acylase at various stages of purification showed no 
loss of activity when stored at —25° for 5 months. Dilute solutions of the 
enzyme (1 mg. per ml.) are completely stable at 0° for several hours. In 
the presence of 0.06 m glycine, full activity is retained after heating at 55° 
for 5 minutes, 20 per cent of the activity is lost at 60°, and complete in- 
activation occurs at 70°. 

Salt and pH Effects—Phosphate and Tris buffers have been used inter- 
changeably without apparent effect on the activity of the enzyme. Al- 
though potassium salts were used routinely in the present studies, potas- 
sium could be replaced completely with sodium without appreciable effect. 
The addition to the system of 0.002 m Mgt+, Cat+, Mn*-, or Cot salts 
had no influence on the velocity of the reaction. Fig. 5 depicts the rela- 
tionship between pH and the rate at which benzoyl CoA is converted to 
hippurate; the maximal rate is achieved at pH 7.3 and remains constant up 
to pH 9.7. 

Inhibition Studies—The following compounds were examined for their 
. effects on the N-benzoylation of glycine and found to be inactive: 1 X 10° 
M 2,4-dinitrophenol, 2 X 10-* m iodoacetamide, 3 X 10-* m p-chloromer- 
curibenzoate, 1 X 10-* m HgClh, 1 X 10-' m KCN, 1 X 10>? m fluoride, 


3 Although several commercial lots of pt-alanine appeared to possess limited ac- 
tivity, pure samples of p- and L-alanine obtained from Dr. Erwin Brand proved to be 
completely inactive. 

4Two commercial preparations of glycylglycine hydrochloride appeared to sub- 
stitute for glycine with a varying degree of effectiveness. When chromatographed 
on Whatman No. 1 paper in either of two solvent systems (ascending, 88 per cent 
phenol-12 per cent water, NH; atmosphere; descending, 65 per cent 2,4-lutidine in 
water), both samples were shown to be grossly contaminated with glycine. Develop- 
ment of the chromatograms with ninhydrin reagent in acetone yielded a purple color 
for glycine and a yellow color for glycylglycine. In the phenol system, glycine had 
an Ry of 0.34 and glycylglycine 0.50. The glycine spots were eluted in absolute meth- 
anol, and the concentration of the ninhydrin product was estimated by light absorp- 
tion at 510 mz. The degree of glycine contaminatiqn in each sample corresponded 
to the apparent activity of the sample. 
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2X 10-* m carinamide (p-benzylsulfonamidobenzoate), and 2 X 10-* Mm 
benemid. Carinamide and benemid were tested because of their known 
inhibitory effects on the synthesis of PAH by washed cell particles in 
gerobic or AT P-driven systems (16). Cyanide is of interest because of the 
cyanide-induced N-acylation of glycine and other amino acids observed by 
Stadtman, Katz, and Barker (17) and Katz, Lieberman, and Barker (7, 18) 
with suspensions of dried cell preparations of Clostridium kluyveri. 

It has been shown previously that the benzoyl group of benzoyl CoA can 
be transferred non-enzymatically to cysteine, reduced glutathione, thio- 
glycolic acid, or BAL (1). Consequently, any of these sulfhydryl com- 
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Fig. 5. Influence of pH on hippurate synthesis from benzoyl CoA. Conditions as 
in Table I, except 60 um per ml. of either potassium phosphate buffer (@) or Tris 
buffer (O) and 30 y of glycine acylase. The glycine solutions were adjusted with the 
glass electrode to the indicated pH before addition. 





pounds can inhibit hippurate synthesis by competing with glycine for the 
donor acyl group. The additional possibility arises that the glycine acyl- 
ase reaction may involve a preliminary transfer of the acyl group from acy] 
CoA toa -—SH group on the enzyme. This appears to be unlikely in view 
of the negative results obtained with iodoacetamide, p-chloromercuribenzo- 
ate, and HgClp. 

The most striking inhibitory effects encountered in the present studies 
with the glycine acylase are related to the phenomenon of product inhibi- 
tion. The benzoyl transfer reaction is inhibited 50 per cent by 6 X 10-4 
M hippurate; the further addition of 2 X 10~* m CoA-SH increases the 
degree of inhibition to 75 per cent. The studies relating to product in- 
hibition will be reported in detail in a separate communication.* 


‘Schachter, D., and Taggart, J. V., in preparation. 
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Distribution—Crude extracts capable of synthesizing hippurate from bep. 


zoy| CoA have been obtained from acetone powders of pig kidney (1), beef vat 
kidney and liver, rat kidney and liver, and rabbit kidney and liver. Sjmj- 
lar extracts of pigeon or chicken liver had a barely detectable activity when 
tested with either glycine or ornithine. A 
der « 
DISCUSSION 
the « 
Acyl thioesters of CoA are intermediates in a variety of biosynthetic CoA 
reactions dependent upon the utilization of energy derived from the pyro- and 


phosphate bond of ATP. One such group of reactions includes those in- poss 
volving the N-acylation of sulfanilamide (19-21), histamine (22), glucos- 
amine (23), and glycine (1, 8). In addition, Stadtman et al. (17) have 


reported a cyanide-induced acetylation of several amino acids and egg uf 
albumin by dried cell preparations of C. kluyveri incubated with acetyl aa 
phosphate. Using a similar system, Katz ef al. (7, 18) further demon- 4 
strated the formation of higher acylglycines (C3-C¢), as well as the acetyla- $. | 
tion of glycyl and alanyl dipeptides, B-alanine, glucosamine, and several 6. 
alkyl- and arylamines. ‘. 
The glycine N-acylase derived from beef liver mitochondria is relatively : 
non-specific with respect to the acyl CoA donor, but exhibits an apparently 10. 
complete specificity for glycine, the acyl acceptor. A highly purified prep- ll. 
aration of the enzyme catalyzes the conversion of various aliphatic (C.-C,) 12. 
and aromatic acyl thioesters of CoA to the corresponding N-acy] deriva- 13. 
tives of glycine. That there is some degree of acy! donor specificity is > 
indicated by the failure of succinyl CoA to serve in that capacity. 16. 
The physiological réle of this enzyme remains obscure. The term “de- 
toxication mechanism” is apparently meaningless when applied to the con- Vi. 
. jugation of glycine with normal metabolic intermediates such as acetate, 18. 
butyrate, etc. It appears reasonable to assume that benzoate and certain 
other foreign compounds enter fortuitously into metabolic reactions that 1. 
normally yield glycine conjugates of biological importance. 22. 
Although Knoop (24) and others (25, 26) have suggested that N-acyl 
derivatives may participate in the biological synthesis of amino acids or : 
peptides (27), no substantial evidence supporting this view has been forth- 95 
coming. Perhaps on the negative side is the finding of Simmonds, Tatum, 6 
and Fruton (28) that acetyltyrosine and acetylphenylalanine fail to promote 
the growth of tyrosineless and phenylalanineless mutants of Escherichia coli. zi 


a-Ketoacyl peptides have been suggested by Herbst and Shemin (29) as ; 
possible intermediates in peptide synthesis, e.g. by the transfer of an a- 
ketoacyl group to glycine with subsequent amination. The possibility 
that the glycine N-acylase may be capable of transferring such a-ketoacy! 
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(or a-aminoacyl) groups has not yet been examined because of the lack of 
the appropriate acyl derivatives of CoA. 


SUMMARY 


A method for the purification of glycine N-acylase from an acetone pow- 
der of beef liver mitochondria is described. The purified enzyme catalyzes 
the conversion of various aliphatic (C:-C,o) and aromatic acyl thioesters of 
CoA to the corresponding N-acy! derivatives of glycine; other amino acids 
and primary amines are inactive as acyl acceptors in this system. The 
possible physiological significance of this group of reactions is discussed. 
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Following the original suggestion of Mendel (1) that “the efficiency of 
the individual protein in this respect [satisfying the nutritive needs of the 
body] must depend on the minimum of any indispensable amino acid that 
it will yield,” Beach et al. (2) were the first to estimate amino acid needs 
from amino acid analyses of food intake required to produce normal growth. 
Similar and more detailed studies by Beach et al. (3) and Block and Bolling 
(4) resulted in the suggestion by the latter investigators that “the more 
nearly the mixture of essential amino acids ingested approaches in com- 
position the amino acid mixture needed for structural and functional pur- 
poses each day, the less of the mixture is needed or, in other words, the 
higher is its biological or nutritive value. Thus a perfect protein or amino 
acid mixture would be one which would replace, weight for weight, tissue 
protein or supply new material for growth, lactation, etc., leaving no excess 
to be utilized for other purposes.”” Mitchell and Block (5) have proposed 
a method based on amino acid assay for estimating the biological value of 
proteins for the growing rat. The amino acid content of whole egg pro- 
teins, “almost perfectly utilizable in rodent metabolism,’’ was used as a 
standard of reference. 

In contrast to the above, but based on the same principles, Munks et al. 
(6) proposed that amino acid analysis of the tissues produced may afford 
a measure of amino acid requirements. From amino acid analyses of egg 
and muscle tissues, they concluded that the amino acid requirements for 
growth were different from those for egg production. 

Subsequently, based on his own classical studies and from an evaluation 
of the literature, Mitchell (7) suggested that “an effective method of 
determining the requirements of a growing animal for these [essential] 
amino acids may be to determine, first, the requirement in grams per day 
of some one amino acid, such as lysine, and then to estimate the require- 
ments of the others from the proportion existing between the essential 
amino acids and lysine in the body of the animal, these proportions to be 


*Supported in part by a grant to Cornell University from the Herman Frasch 
Foundation for Chemical Research. 
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determined by amino acid assays of the entire carcass, or, approximately, 
even by amino acid assays of a dominant tissue such as muscle. This 
method may be as accurate as methods in current use for measuring amino 
acid requirements. It has the distinct advantage of avoiding the confusion 
concerning the utilization of the D-isomers that are commonly fed jn 
racemic mixtures. The usual assumption that the utilization of these 
isomers is an ‘all or none’ proposition has been shown to be wrong, in some 
instances at least, since partial utilization has been established.” 

This investigation was designed to test the above hypothesis by amino 
acid analysis of the whole carcasses of several species of animals for which 
amino acid requirements have been estimated by studies in nutrition. 


Methods 


The rat, the chick, and the pig were selected as animals for study. The 
number and distribution of total carcass samples were as follows: new-bom 
rats, two samples with six rats each; weanling rats, three samples with two 
rats each; adult rats, six samples with one rat each; day-old chicks, three 
samples with two chicks each; 10 week-old chicks, six samples with one 
chick each; and new-born, weanling, 33 kilo, and 93 kilo pigs, two samples 
each with one pig each. 

All samples were dried from the frozen state in a desivac apparatus after 

being subjected to preliminary treatment as follows: The new-born and 
weanling rats (with the intestinal content removed) and the day-old chicks 
were minced in a Waring blendor with distilled water. The adult rats, 
10 week-old chicks, new-born pigs, and weanling pigs (with the intestinal 
content removed) were frozen, chopped, or sawed into small pieces, and 
ground in a food chopper. The 33 and 93 kilo pigs were slaughtered in the 
usual manner with all offal, blood, and skin being saved. One side from 
each pig was boned, and aliquots of the ground meat, ground bone, and 
ground offal, including blood, were mixed in appropriate amounts to obtain 
a representative sample. 

The dried samples were fat-extracted and ground in a Wiley mill prior 
to nitrogen and amino acid analysis. 

Nitrogen was determined by the Kjeldahl method. The amino acids 
were assayed by standard microbiological procedures, the details of which 
are being published.! 


Results 


The nitrogen and amino acid content of the dried, fat-extracted car- 
casses of the several animal species at different stages of growth is pre- 
sented in Tables I to III. The amino acid values are calculated to a com- 


1 Williams, H. H., Cornell University Memoir, in preparation. 


mon 
patte 
riods 
speci 


of th 


Nitr 
Argi 
Hist 
Isoli 
Leu 
Lysi 
Met 
Phe 
Thr 
Try 
Val 
Ty! 
Cys 
Me 


Ph 





XUM 


nately, 
This 
amino 
fusion 
fed in 
these 

| some 


amino 
which 


car- 
pre- 
com- 





WILLIAMS, CURTIN, ABRAHAM, LOOSLI, MAYNARD 279 
mon basis of 16 gm. of nitrogen (5). It is evident that the amino acid 
pattern is comparable within each species at the different growth pe- 
riods. Consequently, the amino acid values have been averaged for each 
species. 

It is apparent also that the distribution of amino acids in the proteins 

















of the whole carcass is very similar for the different animal species. This 
TABLE I 

Nitrogen and Amino Acid Content of Rat Carcasses 

New-born Weanling | Adult 

Sample No. Sample No. | Sample No. Aver- 

— ——_-—_—_—__—_. — — __ $$$ $$ —_—____— age 

1 a ee 2 3 1 2/3 4 | 5 6 
Nitrogen*. . . . .|12.82)13.63)13.65)13 .35)12.98 13. 57|13.73|13.32)14.42)14.37 14.03 
Argininet 5.72 5.54) 5.78) 5.48) 5.89) 6.44) 6.45, 6.40, 6.03) 6.18) 6.33) 5.89 
Histidine 2.52) 2.52) 2.03) 2.09) 2.11) 1.92 1.98) 1.92} 1.81| 1.85) 1.84) 2.16 
Isoleucine 3.57| 3.46) 3.50) 3.54) 3.38) 3.30) 3.60) 3.62 3.52) 3.44) 3.35) 3.49 
Leucine .| 6.66) 6.66 6.41) 6.50) 6.83) 6.07) 6.36) 6.33) 5.89) 6.02) 6.20) 6.46 
Lysine 7.39) 7.34) 7.31) 8.23) 8.04) 7.45) 7.58) 7.63) 7.50) 7.59 7.81) 7.61 
Methionine 1.73) 1.64) 1.72) 1.77) 1.74) 1.65) 1.69) 1.71)-1.68) 1.80) 1.68) 1.71 
Phenylalanine .| 3.86! 3.73) 3.66) 3.85] 3.98) 3.42) 3.52) 3.62) 3.34) 3.32) 3.36! 3.69 
Threonine | 4.16) 4.05) 3.76) 4.04) 3.92) 3.55) 3.68) 3.60) 3.53) 3.54) 3.71) 3.87 
Tryptophan 0.81) 0.81) 0.79) 0.84) 0.81) 0.67) 0.68, 0.70; 0.65) 0.65, 0.63} 0.76 
Valine 5.33) 5.81) 5.53) 5.71) 5.89) 5.16) 5.45) 5.39) 5.13) 5.18) 5.14) 5.51 
Tyrosine 2.83) 2.38) 3.50) 3.87| 3.63, 2.32) 2.43) 2.45) 2.35; 2.30 2.23) 2.88 
Cystinef..... 0.98 0.77) 1.85) 1.84) 2.04) 1.70) 1.63) 1.36) 1.32) 1.34) 1.57| 1.49 
Methionine + | | 

cystine. . 2.71, 2.41) 3.57) 3.61) 3.78) 3.35) 3.32) 3.07, 3.00, 3.14, 3.25) 3.20 
Phenylalanine | | | | 
+ tyrosine 6.69) 6.12) 7.16) 7.72) 7.61| 5.74 5.95 6.07 5.69) 


5.62| 5.60) 6.56 





* Per cent of dried, fat-extracted carcasses. 
+ The amino acids are given as gm. per 16 gm. of nitrogen. 
t Cystine was determined by courtesy of Dr. Betty F. Steele, School of Nutrition. 


confirms the observations of Dunn et al. (8, 9), who have described the 
amino acid content of eight species, including rats, chickens, and swine. 
The average values for the amino acids given in Tables I and II for the rat 
and the chick agree closely with similar values reported by Dunn et al. ((8), 
Table XXTV). 

The average values have been utilized to calculate the ratios of the amino 
acids to lysine, with the latter as a base with a value of 100. These ratios 
are listed in Table IV. Also listed in Table IV are the amino acid require- 
ments for each species computed from the ratios, the lysine again being 
employed as the standard. For comparative purposes, the values in the 
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literature for the amino acid requirements of each species determined by 
nutritional experiments are given when available. 

Although various amino acids may be suitable as a standard for calculat. 
ing requirements, lysine appears to be the obvious choice for several rea. 
sons. First, it is the only amino acid which seems to be required as such 
in the diet of the animal. The keto or hydroxy analogues of the other 








Taste II 
N itrogen and Amino Acid Content of Chick Carcasses 
Day-old chick 10 week-old chick 
Seuple No. } Sample No. Aver. 
—e } - - _——- age 
1 2 srt eis | 4 5 6 
peinaprataaianieiiieea — 7 i—— | -_ a eee 
Nitrogen*........ ; 113. 27/14. 13)13. 79|14.18114.70114.51 14.11)13.87}14.49 

















Argininet. 6.69) 7.17! 6.41] 6.63) 6.40| 6.41] 6.67, 6.87, 6.89| 6.71 
Histidine 2.07 2.03} 2.04) 1.93] 1.85] 1.82] 1.86) 1.79) 1.88) 1.9% 
Isoleucine 4.17| 3.95] | 4.06) 4.29) 4.26) 4.20| 4.15) 4.39 3.71) 4.19 
Leucine 7.07| 6.76| 7.01| 6.50) 6.10) 6.00) 6.32) 6.58 6.34) 6.63 
Lysine 7.75| 7.56) 7.74) 7.25) 7.45] 6.93] 7.04 7.41, 7.37] 7.4 
Methionine 1.99) 1.87) 1.84] 1.62) 1 71| 1.67| 1.66] 1.78] 1.66] 1.76 
Phenylalanine 4.39] 4.12) 4.18) 3.78 3.67 3.46| 3.65 3.75) 3.67] 3.95 
Threonine 4.34] 4.05] 4.22| 3.94] 3.75] 3.81] 3.67| 4.07) 3.78 4.02 
Tryptophan 0.88) 0.85) 0.87| 0.67| 0.70) 0.63) 0.64) 0.68 0.65! 0.77 
Valine | 7.53! 6.21] 6.93] 6.33] 6.62) 6.30] 6.57! 6.91) 6.51! 6.72 
Tyrosine | 2.80! 2.76| 2.87) 2.30] 2.13) 2.05| 2.15 2.17 2.15) 2.49 
Cystinet 1.74) 1.65) 1.76) 1.92) 1.78) 1.88) 1.63) 1.64) 1.72) 1.75 
Methionine + cystine. . 3.73) 3.52) 3.60) 3.54) 3.49] 3.55) 3.29) 3.42) 3.38) 3.51 
Phenylalanine + tyrosine.| 7.19, 6.88) 7.05) 6.08) 5.80) 5.51) 5.80) 5.92) 5.82) 6.483 
Glycine. ... | 9.38) 8.87) 9.34 9.27 10.63 10.62/11.75/11.62 9.30/10.09 
Glutamic  aeidt -/12.65)12. 82) 12.85)11.99}12.65 14. 46 14.62 14 .02 13.22 13.25 


? Per cent t of dried, fat-extracted carcasses. 

¢ The amino acids are given as gm. per 16 gm. of nitrogen. 

t Cystine, glycine, and glutamic acid were determined by the courtesy of Dr. 
Betty F. Steele, School of Nutrition. 





appear to substitute satisfactorily. Second, the only known function of 
lysine is as a constituent of protein. This also may be true for some of 
the other amino acids. Third, the lysine requirement for growth appears 
to have been as extensively studied by nutritional experiments and as 
firmly established as for any of the amino acids. 


Growth Requirements of Rats for Amino Acids 


The calculated requirements based on carcass analysis are remarkably 
similar to those which have been determined by nutritional experiments, 
with the exception of arginine, histidine, methionine, and tryptophan. For 
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arginine, the difference would not be unexpected since the rat can syn- 
thesize this particular amino acid. The nutritionally determined value of 
0.20 per cent of the diet compared to the calculated value of 0.77 per cent 
indicates that the rat is capable of supplying 75 per cent of his needs by 
synthesis. There is no obvious explanation for the difference between the 
nutritionally determined requirement of 0.40 per cent and the calculated 
requirement of 0.28 per cent in the case of histidine. The largest difference 












































Taste III 
Nitrogen and Amino Acid Content of Pig Carcasses 

| New-born | Weanling | 33 kilo pig 93 kilo pig 

Sample No. | Sample No. | Sample No. Sample No. Average 

1 2 rt2f.4 2 1 2 
Nitrogen*...... | $.84| 8.39|11.42/11.54/11.76/11.66/12.30/11.81 
Argininet...... T 8.33) 6.91 6.85 7.10 6.95) 7.29) 6.76] 6.71] 7.12 
Histidine ..| 2.48] 2.43) 2.63) 2.95) 2.65) 2.86] 2.65) 2.55) 2.65 
Isoleucine...... ..| 3.51) 3.48} 3.93] 4.10) 3.89) 4.10) 3.81) 3.85) 3.84 
Leucine...... 7.51) 7.14| 7.03) 7.39) 7.03) 7.23) 6.98) 6.75) 7.14 
Lysine........ , ....| 9.52] 8.38) 8.51 8.42) 8.99) 8.49) 8.15) 7.88) 8.55 
Methionine....... se 1.72) 1.70) 1.81) 1.82) 1.80) 1.88] 1.70) 1.70) 1.77 
Phenylalanine....... ......| 4.00} 3.93] 3.63] 3.82) 3.74) 3.85) 3.67) 3.48) 3.77 
Threonine...... is 4.14) 3.86] 3.71) 3.88) 3.71) 3.86) 3.63) 3.48) 3.79 
Tryptophan .| 0.74} 0.76] 0.74) 0.78] 0.72) 0.73) 0.82) 0.63) 0.74 
Valine 6.62) 6.36) 5.91 6.31) 5.67| 6.04) 5.54) 5.49) 6.00 
Tyrosine te .| 2.70) 2.64) 2.90) 2.84) 2.43) 2.27) 2.39) 2.50) 2.59 
re ..| 1.15) 1.15 1.05) 1.01) 0.94) 0.97) 0.91) 0.86) 1.01 
Methionine + cystine......... 2.87) 2.85) 2.86) 2.83) 2.74) 2.85) 2.61) 2.56] 2.78 
Phenylalanine + tyrosine. ....| 6.70 6.57) 6.53) 6.66) 6.17| 6.12) 6.06) 5.98) 6.36 














*Per cent of dried, fat-extracted carcasses. 
} The amino acids are given as gm. per 16 gm. of nitrogen. 
t Cystine was determined by courtesy of Dr. Betty F. Steele, School of Nutrition. 





noted was that for methionine. The calculated value of 0.22 implies that 
no methionine would be used for cystine synthesis. The nutritionally de- 
termined value of 0.60 per cent allows for the cystine requirement. Rose 
et al. (11) state that cystine can replace about one-sixth of the methionine 
requirement. Thus, the nutritionally determined value on the above basis 
would be 0.50 per cent instead of 0.60 per cent, and is so listed in Table IV. 
However, this value is still twice the calculated value obtained from carcass 
analysis. The value of 0.1 per cent for cystine given by Rose et al. (11) 
may be too low since the calculated value obtained in this study is twice 
as much, namely 0.20 per cent. The calculated value of 0.43 per cent for 
methionine plus cystine compares with the nutritionally determined value 
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of 0.60 per cent of Rose et al. (10). The nutritionally determined value of 
0.20 per cent for tryptophan is twice the value of 0.10 per cent calculated 
from carcass analysis. A possible explanation for this difference may be 
that insufficient niacin was included in the experimental diets. Rose et al. 


TaBLe IV 


Relative Proportions (Ratios) of Amino Acids in Rat, Chick, and Pig Carcasses, and 
Estimated Requirements for Growth 









































Rats | Chicks Pigs 
Amino acids |Ratio; Wes |Ratio; ’ Ratio; : 
lysine | Cited | ‘ture®_| sine cae | Literature “ cal | hit 
of diet | of diet of diet | of diets | of dieth 70 diet | of det 
Arginine..........| 77 | 0.77 | 0.20 | 90 | 0.81 | 1.20 | 1.20} 83 | 0.91 
Histidine. ... 28 | 0.28 | 0.40} 26 0.23 | 0.30 | 0.15 | 31 | 0.34 | 0.38 
Isoleucine. . fe 46 | 0.46 | 0.50 | 55 | 0.50 | 0.60 | 0.60 | 45 | 0.50 | 0.64 
ae 85 | 0.85 | 0.80 | 89 | 0.80 | 1.40 | | 1.40 | 84 | 0.92 | 1.00 
ere 100 | 1.00 | 1.00 | 100 | 0.90 | 0.90 | 0.90 | 100 | 1.10 | 1.10 
Methionine....... 22 | 0.22 | 0.50 | 24 | 0.22 | 0.50 | 0.45 | 21 | 0.23 | 0.32 
Phenylalanine.....| 48 | 0.48 | 0.45 | 53 | 0.48 | 0.70 | 0.90 | 44 | 0.48 
Threonine.........| 51 | 0.51 | 0.50 | 54 | 0.49 | 0.45 0.60 | 44 | 0.48 | 0.72 
Tryptophan.......| 10] 0.10 | 0.20 | 10 | 0.09 | 0.18 | 0.20 9 | 0.10 | 0.16 
Valine.............| 72 | 0.72] 0.70 | 90 | 0.81 | 0.80 | 0.80 | 70 | 0.77 | 0.62 
Tyrosine....... 38 | 0.38 | 0.45 | 33 | 0.30 | 0.70 | 0.70 | 30 | 0.33 
Cystine...... .| 20] 0.20] 0.10 | 24 | 0.22 0.35 | 12 | 0.13 | 0.32 
Methionine + cys- | 
ee Paes 43 | 0.43 | 0.60 | 47 | 0.42 | 0.90 | 0.80 | 33 0.36 | 0.64 
Phenylalanine + 
tyrosine......... 86 | 0.86 | 0.90 | 86 | 0.77 | 1.40 | 1.60 | 74 | 0.81 
Glycine........... 135 | 1.22 | | 1.00 
‘Glutamic acid..... 176 | 1.58 | 























* Rose et al. (10, 11). 

t Brinegar et al. (17, 18, 20), Eggert et al. (19), Curtin et al. (21), Sewell et al. (22), 
Shelton et al. (23), and Mertz et al. (24). 

¢ Almquist (12), Grau (13, 14), and Wilkening et al. (15). 

§ Almquist (16). 


(10) included 5 mg. of nicotinic acid per kilo of diet. If the latter amount 
were insufficient to meet the niacin needs of the rat during growth, tryp- 
tophan would be used for niacin synthesis and the nutritionally determined 
requirement for tryptophan would be too high. 


Growth Requirements of Chicks for Amino Acids 


The agreement between the calculated and the nutritionally determined 
values are not as striking for the chick as for the rat. Nevertheless, the 
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correlation appears to be high, considering the difficulties attendant upon 
estimating the requirement from nutritional experiments with the chick 
accurately. This is evident when the differences are noted between the 
two sets of values in the literature shown in Table IV. The latest values 
given by Almquist (16) exhibit certain marked changes from earlier esti- 
mates, indicating the very tentative nature of the nutritionally determined 
values. For example, the earlier value for histidine was 0.30 per cent of 
the diet as compared with the more recent estimate of 0.15 per cent. The 
calculated value from carcass analysis is 0.23 per cent, which, it is interest- 
ing to note, is the average of the nutritionally determined figures. For 
the amino acids, isoleucine, threonine, valine, and glycine, the requirements 
of the chick as determined by either carcass analysis or nutritional experi- 
ment agree within experimental error. With respect to other amino acids, 
there is no obvious explanation for the observed differences. It is worth 
pointing out, however, that a review of the literature (16) indicates that, 
for tryptophan and methionine especially, certain nutritional experiments 
have given estimated requirements much nearer those reported here and 
based on carcass analysis than are at present accepted. 


Growth Requirements of Pig for Amino Acids 


The requirements of this species are least satisfactory in comparison to 
those of the rat or chick. Undoubtedly because of the experimental cost, 
fewer studies have been made to evaluate the amino acid needs of swine. 
Acomparison of the calculated requirements based on carcass analysis with 
the nutritionally determined values from the literature, as given in Table 
IV, does show a high degree of similarity. This is particularly true in 
view of the very tentative nature of the nutritionally determined values, 
certain values of which have been determined with suckling pigs. In other 
cases in which weanling pigs were used, the values reported are maximal. 
Consequently, the close agreement is better than could have been expected 
from the limited data available from nutritional studies. 


DISCUSSION 


One of the striking observations evident in this investigation is the re- 
markable similarity of the growth requirements for amino acids of the 
several species studied. This fact, together with the close agreement 
noted between the estimates by carcass analysis and those determined by 
nutritional experiment, supports the validity of the carcass analysis proce- 
dure as a means of evaluating amino acid needs during growth. The ac- 
curacy of the method depends on a number of factors and, in addition, the 
validity of the results will vary with respect to the several amino acids. 

It is evident that with this particular method the final results will hinge 
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on the accuracy of the requirement of the amino acid used for the standard, 
In the present instance, lysine was selected as the standard and the reasons 
for this have already been stated. It is likewise obvious that the require. 
ments are dependent, with this method, on the accuracy of the amino acid 
analyses. Although marked advances have been made in recent years jn 
the methods for determining amino acids in proteins, the analytical valyes 
for each of the amino acids are still not of equal accuracy, especially when 
applied to impure protein. The determination of methionine is one of the 
least satisfactory. Low values have been observed with different methods 
for hydrolyzing proteins, regardless of the final procedure utilized for de- 
termining the amino acid. A low analytical value would underestimate the 
amino acid requirement by the present method. 

The above could explain the consistently low methionine and cystine 
requirements noted by the present method in comparison to the nutrition- 
ally determined values. This, however, does not appear to be the whole 
explanation of the observed differences. It is well known that methionine 
serves as a methyl donor in addition to supplying the sulfur for cystine 
synthesis in the absence or deficiency of the latter. The carcass analysis 
method estimates only the amino acid needs for tissue protein synthesis, 
It does not account for that which would be used for other purposes. The 
nutritional method of estimating amino acid requirements has an advan- 
tage in this respect. Nevertheless, this is a disadvantage in terms of the 
amino acid requirement as such, since it indicates that the diet may be de- 
ficient in other nutrients which are being supplied, in part at least, by amino 
acids; t.e., methyl groups from methionine and niacin from tryptophan. 

In a slightly different category are the amino acids, phenylalanine and 
tyrosine. They serve as the sole precursors of the hormones, thyroxine 
and epinephrine. If these hormonal secretions represented a large demand 

‘in comparison to protein synthesis for growth, then the carcass analysis 
method would undervalue requirements. This, however, does not appear 
to be true, and for the rat at least the carcass analysis method yields 
values in close agreement to those of the nutritional method. 

A possibly more serious source of error in the carcass analysis method 
which is not inherent in the nutritional procedure is the loss of protein by 
way of hair and feathers during the growth period. In the present in- 
stance this may have been partially, although not wholly, balanced out by 
analyzing animals in different stages of growth. The latter would account 
for differences in composition of the epidermal tissues at various stages of 
growth, but not for losses. Nevertheless, such losses do not appear to 
represent a serious source of error. 

This seems evident from the observations that those particular amino 
acids, leucine, isoleucine, threonine, and valine, which have no known 
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function other than for the synthesis of tissue protein, yielded strikingly 
jmilar requirements in most instances by the two methods of evaluating 
growth requirements. 

From the results that have been presented it appears safe to conclude 
that the carcass analysis method is a satisfactory means of estimating the 
requirements of a number, if not all, of the “essential”? amino acids for 
gowth. A further test of this conclusion would require the feeding of a 
diet complete in all nutrients, adequate in carbohydrate and fat calories 
and in nitrogen for the non-essential amino acids, and containing the “es- 
gntial” amino acids in the proportion herein calculated. If the above 
diet were normally palatable and the present hypothesis correct, maximal 
gowth should obtain. 


SUMMARY 


The amino acid content of the whole carcasses of the rat, chick, and the 
pig has been determined at different stages of growth as the basis for es- 
timating growth requirements. Not only is the pattern of amino acid 
composition comparable within each species at the different stages of 
growth, but also remarkably similar among the species. Analogous to the 
amino acid pattern is the observation that the amino acid requirements for 
growth of the rat, chick, and pig are notably alike. The relatively similar 
requirements among speciesand the close agreement of the calculated values 
to those determined by nutritional studies support the conclusion that the 
carcass analysis procedure is a valid method for evaluating the growth re- 
quirements for most, if not all, of the “essential” amino acids. 


The authors wish to express their appreciation to Dr. Betty F. Steele 
of the School of Nutrition for the microbiologically determined values for 
cystine, glycine, and glutamic acid, and to Dr. L. C. Norris of the Depart- 
ment of Poultry Husbandry for supplying the day-old and 10 week-old 
chicks, 
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ON THE DETERMINATION OF XANTHINE OXIDASE 
ACTIVITY IN ANIMAL TISSUES* 


By L. 8. DIETRICH anp ELEANOR BORRIES 
(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, November 9, 1953) 


Studies, undertaken in this laboratory to evaluate the effect of riboflavin 
antagonists on mammalian flavoenzymes, have necessitated the investiga- 
tion of the xanthine oxidase activity of mouse tissue. In general, little 
difficulty has been encountered in the manometric determination of xan- 
thine oxidase (1) in tissues of high enzymatic activity, e.g. liver and small 
intestine, although irregularities similar to those reported by Litwack et al. 
(2) were occasionally observed. However, the manometric determination 
of xanthine oxidase in tissues of low activity showed deficiencies of pre- 
cision, mainly due to a very high endogeneous respiration complicated with 
the same irregularities mentioned above. Furthermore, manometric values 
for xanthine oxidase lack specificity in that they represent the summation 
of uricase and xanthine oxidase activities of the tissue being analyzed. 
Since an evaluation of our studies for chemotherapeutic purposes was de- 
pendent not only on changes in xanthine oxidase activity in isolated tissue, 
but on the effect of such changes on the quantitative distribution of the 
enzyme throughout the organism as a whole, this lack of specificity was 
undesirable. 

Xanthine oxidase has been measured non-manometrically by spectro- 
photometric (3), modified Thunberg, (4, 5), and colorimetric (2) proce- 
dures. All these methods were found to be inadequate for our purposes, 
since they were either not adaptable to routine or large scale use or were 
suitable only for the analyses of tissues of high enzymatic activity. 

The procedure outlined in this communication overcomes many of the 
defects reviewed above. Uricase activity can be readily distinguished from 
xanthine oxidase activity. The sensitivity of this method is such that 
tissues of low activity are as easily analyzed as more active tissues. Fur- 
thermore, the procedure is adaptable to large scale and routine use and 
requires a minimum of equipment. Finally, prolonged preincubation to 
decompose endogeneous purine is unnecessary, and hence the danger of 
bacterial contamination is minimized. 


* Supported by an anonymous gift for cancer research. 
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EXPERIMENTAL 


The appropriate tissues were homogenized in 5 volumes of 0.039 m phos- 
phate buffer (pH 7.3). Aliquots of the resulting homogenates, together 
with enough buffer (0.039 m phosphate, pH 7.3) to give, upon addition of 
substrate, a final volume of 8 ml., were added to 50 ml. Erlenmeyer 
flasks and equilibrated for 15 minutes, whereupon a suitable amount (see 
“Results and discussion”) of xanthine was added. The contents of the 
reaction vessels were then mixed and incubated at 37° with constant agi- 
tation. Samples were removed for uric acid and allantoin analyses at 
regular intervals. Aliquots for uric acid determination, equivalent to 20 


TABLE [ 


Uric Acid and Allantoin Recoveries from Mouse Liver Tissue 
The values are the average of two experiments run in duplicate. 








Additions to flask* Uric acid recovered Allantoin recovered 
Y | 7 | Y 
10 | 10 ll 
30 27 | 28 
70 65 | 62 


100 91 





* The appropriate additions were made to flasks containing 0.5 ml. of homogenate 
and that amount of buffer (0.039 m phosphate, pH 7.4) necessary to give a final vol- 
ume of l ml. The flask contents were immediately mixed, and 0.5 ml. of 12 per cent 
TCA was added. The tubes were then centrifuged and aliquots taken for analysis. 
20 and 4 per cent homogenates were employed for the allantoin and uric acid studies, 
respectively. 


ing. of tissue, fresh weight, were transferred to test-tubes containing 1.3 ml. 
of 4.6 per cent trichloroacetic acid (TCA). For the allantoin determina- 
tion, 1 ml. aliquots were generally removed and added to tubes containing 
0.5 ml. of 12 per cent TCA. All tubes were then centrifuged, and 1 ml. 
aliquots were removed and transferred to clean test-tubes. 

Uric acid was estimated by the method of Brown (6). Allantoin was 
determined by a modification of the procedure described by Young et al. 
(7,8). In the latter case the pH of the aliquots was adjusted to about 12 
with 0.4 ml. of 1 n NaOH, and the samples were then placed in a boiling 
water bath for7 minutes. When cold, they were treated with 0.2 ml. of 1N 
HCl, followed by 0.2 ml. of 0.33 per cent phenylhydrazine, and then boiled 
for exactly 2 minutes. The samples were immediately placed in a freezer 
adjusted so that incipient freezing occurred within 5 minutes. When re- 
moved from the freezer, they were acidified with 0.6 ml. of concentrated 
HCl, previously cooled to — 10°, and 0.2 ml. of potassium ferricyanide (250 
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mg. per 15 ml. of H,O) was added. The color was allowed to develop for 
30 minutes, the volume was adjusted to 5 ml., and the color intensity was 
determined with a Klett-Summerson colorimeter with the No. 54 filter. 
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Fig. 1. Mouse liver xanthine oxidase activity; comparison of manometric and 
colorimetric analyses. A, oxygen consumption in the presence of added xanthine; 
@, endogenous oxygen uptake; A, allantoin formation in the presence of added xan- 
thine; O, endogenous allantoin formation. The curves are an average of duplicate 
determinations carried out simultaneously from the same pooled mouse liver homo- 
genate. Diluted homogenates were incubated for 1 hour at 37° before the addition 
of substrate. Each flask contained the equivalent of 400 mg. of tissue (fresh 
weight) and 1.0 ml. of 0.05 m xanthine in a final volume of 4 ml. In the case of the 
endogenous control, 1.0 ml. of buffer was substituted for the xanthine. 


Standard curves were run over a range of 10 to 50 y for allantoin and 5 
to 20 y for uric acid. Known amounts of standard and buffer were added 
to 0.5 ml. of 12 per cent TCA so that a final volume of 1.5 ml. was obtained. 
Aliquots (1 ml.) were removed and transferred to clean tubes and run 
simultaneously with the unknown samples. Reagent blanks consisting 
of water and TCA were treated similarly. 





290 DETERMINATION OF XANTHINE OXIDASE 


RESULTS AND DISCUSSION 


Studies of the recovery of uric acid and allantoin from liver homogenates 
are presented in Table I. Initial studies utilizing high concentrations of 
TCA were unsatisfactory. However, it was found that by controlling the 
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Fig. 2. Effect of substrate addition on the activity of mouse kidney xanthine 
oxidase. A, uric acid formation in the presence of added xanthine; O, endogenous 
uric acid formation. The flask contents were equilibrated for 20 minutes before the 
addition of substrate. Each flask contained the equivalent of 400 mg. of kidney 
(fresh weight) and 0.4 ml. of 0.05 m xanthine in a final volume of 8 ml. In the case 
of the endogenous control, 0.4 ml. of buffer was substituted for the xanthine. 





MICROMOLES of URIG ACID FORMED/gm KIDNEY wet wot. 


final concentration of TCA to 4 per cent one could obtain satisfactory re- 
coveries, provided the amount of wet tissue did not exceed 20 mg. and 80 
mg. per ml. for uric acid and allantoin, respectively. Utilization of a con- 
centration of TCA higher than 4 per cent resulted in uncontrollable en- 
hancement of color intensity in the case of the uric acid standard and a 
similar depression of color intensity in the case of the allantoin standard. 
The abundance of uricase in liver tissue results in an immediate, quan- 
titative removal of the uric acid formed by the liver xanthine oxidase (1). 
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Therefore, one should be able to determine liver xanthine oxidase activity 
by measuring allantoin formation as a function of time. Typical data 
demonstrating this and a comparison of the method and conventional 
manometric procedures are presented in Fig. 1. The results are similar to 
those obtained by Litwack et al. (2) in that the rate of product formation 
or substrate disappearance is greater than can be accounted for by mano- 
metric procedures. 

The susceptibility of xanthine oxidase to excessive concentrations of sub- 
strate has been demonstrated by other investigators (9, 10). Typical data 
obtained from kidney homogenates (Fig. 2) confirm these observations and 


TaBLeE IIT 


Uric Acid and Allantoin Formation in Various Mouse Tissues 








oo | Stoichiometric 








equivalent* } Uric acid Allantoin 
pa see te um per gm. per hr. uM per gm. per hr. ; 

NG Sas Kite chen die —0.06 11.12 
Small intestine........... 0.85 5.53 | 1.41 
a eee 0.17 1.08 | 0.31 
NN oS i yer ail 0.03 0.22 0.10 
a0. 8e.bivnis 0.41 2.65 | 0.30 
Nc bes ag dw.s0 3.0 0.23 1.51 | 0.28 





5 per cent tissue homogenates were incubated with a suitable amount of 0.05 m 
xanthine (see the text) at 37° for 2 hours with constant agitation. Aliquots were 
removed every 20 minutes and analyzed for uric acid and allantoin. In all cases 
the systems were equilibrated for 15 minutes before the addition of substrate. The 
values are the average of at least four determinations run in duplicate. 

* That amount of “‘allantoin activity”’ calculated to be due to the uric acid pres- 
ent in the reaction mixture, based on the stoichiometric relationship of 1.0:6.5. 


illustrate the importance of using optimal substrate concentrations in the 
determination of xanthine oxidase activity. Lowering the level of sub- 
strate was observed to increase the xanthine oxidase activity to a level com- 
parable to that obtained in the endogenous system (unpublished data). It 
is of interest that the only mouse tissues capable of depleting themselves of 
endogenous xanthine are liver, small intestine, and lung. In all other 
tissues analyzed the xanthine oxidase levels were so low that catabolic 
xanthine was formed at a rate at least equal to that at which it was removed 
by xanthine oxidase. The addition of xanthine to these tissues, unless very 
low levels (0.05 to 0.1 ml. of 0.05 m xanthine per reaction vessel) were em- 
ployed, resulted in a consistent depression of enzymatic activity. Optimal 
substrate levels for liver, small intestine, and lung were found to be 2, 2, 
and 0.2 ml. of 0.05 m xanthine per reaction vessel (400 mg. of tissue wet 
Weight ina total volume of 8 ml.). It was considered feasible, on the basis 
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of these results, to add the substrate immediately after the flasks had been 
equilibrated to the temperature of the bath. 

Xanthine oxidase and uricase activities for various tissues of the (57 
mouse are represented in Table II. With the procedure outlined for the 
analyses of allantoin, it was determined that 6.5 moles of uric acid give the 
same intensity of color that 1.0 mole of allantoin does, xanthine being with- 
out activity. The theoretical amount of “allantoin activity”’ calculated to 
be due to the uric acid formed by the various mouse tissues investigated is 
compared to the total allantoin activity produced by these same tissues 
(Table II). It is shown that kidney, lung, heart, and testis have no meas- 
urable uricase activity. However, measurable amounts of uricase were ob- 
served to be present in small intestine and liver. Thus, in the case of kid- 
ney, lung, heart, and testis, uric acid analyses are adequate as a measure 
of xanthine oxidase activity. Liver, as demonstrated above, presents no 
problem, owing to an abundance of uricase. However, in the case of the 
small intestine, in which uricase activity is limited, both uric acid and al- 
lantoin determinations must be carried out. The total allantoin activity 
can then be corrected for the uric acid present if a true value of xanthine 
oxidase activity is to be obtained. 


SUMMARY 


Studies related to the determination of xanthine oxidase activity in var- 
ious tissues of the C57 mouse are reported. By the colorimetric procedure 
outlined xanthine oxidase and uricase activities may readily be distin- 
guished. Its sensitivity is such that tissues of low xanthine oxidase activity 
may be as easily analyzed as tissues of high enzymatic activity. It is 
adaptable to large scale and routine use and requires little special equip- 
ment. 


BIBLIOGRAPHY 


1. Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 140, 725 (1941). 

. Litwack, G., Bothwell, J. W., Williams, J. N., Jr., and Elvehjem, C. A., J. Biol. 
Chem., 200, 303 (1953). 

. Kalekar, H. M., J. Biol. Chem., 167, 429 (1947). 

. Green, D. E., and Dixon, M., Biochem. J., 28, 237 (1934). 

. Figge, F. H. J., and Strong, L. C., Cancer Res., 1, 779 (1941). 

. Brown, H., J. Biol. Chem., 168, 601 (1945). 

. Young, E. G., and Conway, C. F., J. Biol. Chem., 142, 839 (1942). 

. Young, E. G., MacPherson, C. C., Wentworth, H. P., and Hawkins, W. W., J. 
Biol. Chem., 152, 245 (1944). 

9. Richert, D. A., Edwards, S., and Westerfeld, W. W., J. Biol. Chem., 181, 255 

(1949). 
10. Dixon, M., and Thurlow, 8., Biochem. J., 18, 976 (1924). 


i) 


ac2noour w 








I] 


revi 





var- 
dure 


ivity 
It is 
juip- 


Biol. 


1, 255 





LACTOSE METABOLISM 


lu. THE REVERSIBLE CONVERSION OF GALACTOSE-1-PHOSPHATE 
TO GLUCOSE-1-PHOSPHATE* 


By R. G. HANSEN anp E. M. CRAINE 


WITH THE TECHNICAL ASSISTANCE OF PATRICIA GRAY 


(From the Laboratory of Biochemistry, Department of Dairy Science, 
University'of Illinois, Urbana, Illinois) 


(Received for publication, November 20, 1953) 


Yeast (1, 2) and bacterial (3) extracts convert galactose-1-phosphate 
into glucose-l-phosphate in the presence of uridine-diphosphoglucose 
(UDPG). Heretofore the presence of the enzyme phosphoglucomutase 
in these extracts has made a study of the reversibility of this reaction 
difficult. 

The reversibility of the galactose-1-phosphate-glucose-1-phosphate trans- 
formation has been demonstrated with the enzyme from Lactobacillus 
bulgaricus by two somewhat different approaches. First, incubation of 
L. bulgaricus extracts in the presence of active phosphoglucomutase and 
carbon-labeled glucose-6-phosphate permitted the isolation of labeled 
galactose. Second, fractionation of the L. bulgaricus extracts produced 
an active waldenase, free of phosphoglucomutase, which was capable of 
reversibly converting galactose-1-phosphate into the glucose ester. In 
addition, the methods employed permit an estimate of the equilibrium. 
These experiments are the subject of this report. 


Methods 


The preparation of the active L. bulgaricus extracts (bacterial extracts) 
has been described in previous publications (3, 4). For the fractionation 
studies, activity was followed by measuring the stabilization of acid-labile 
phosphate, as described previously (3, 4). An acetate-cacodylate buffer 
at 0.005 a final concentration of each ion at pH 7.1 was employed for ac- 
tivity measurements. Paper chromatography was employed to separate 
the sugars; the ethyl acetate-pyridine-water solvent described by Jermyn 
and Isherwood (5) and the aniline-oxalate reagent of Partridge (6) were 
used for the detection of spots. 


* Supported in part by a grant from the United States Atomic Energy Commis- 
sion (contract No. AT(11-1)-67, project No. 10). 
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EXPERIMENTAL 


Formation of Galactose from Glucose-6-phosphate—By employing (0%. 
labeled glucose-6-phosphate' with unfractionated bacterial extracts, it 
was possible to demonstrate the occurrence of a waldenase type enzyme 
capable of forming an acid-labile galactose ester from the substrate. It 
was necessary to add only UDPG to the bacterial extract for this activity; 
however, rabbit muscle phosphoglucomutase was also added to assure 
rapid formation of the intermediate glucose-1-phosphate. The following 
additions were made in ml. to duplicate incubation flasks in a typical 
experiment: buffer 0.05, UDPG 0.05, phosphoglucomutase 0.05, glucose- 
6-phosphate 0.1 (5 um per 0.1 ml.; activity equivalent to 25,000 c.p.m. per 
mg. of carbon), and 0.1 bacterial extract. In one flask 0.02 ml. of 10 x 
H.SO, was added at zero time to stop the reaction, while in the other this 
addition was made after a 20 minute incubation period. The contents of 
the flasks were heated to 100° for 6 minutes before being neutralized with 
barium hydroxide and centrifuged. Finally the solutions were treated 
with CO, to precipitate any excess barium ion and were centrifuged again, 
Uniform amounts of the solution were applied to paper strips. After the 
chromatograms were developed and sprayed, spots 2 cm. in diameter cor- 
responding to glucose and galactose were cut from the paper, and radio- 
activity was measured by placing the paper directly into a radiation coun- 
ter. In the incubated sample the galactose and glucose spots gave 213 
and 78.8 ¢.p.m., respectively, corrected for background. The correspond- 
ing areas from the zero time samples showed no radioactivity. 

Fractionation of Bacterial Extracts*—The waldenase enzyme was found 
to be stable to low temperature (—4°) storage at an acid pH. Stability 
was determined as a function of pH and temperature at 50, 55, and 60° 
-(Fig. 1). Heating at 50° for as long as 6 minutes did not cause appreci- 
able loss of activity at pH 5.0, while more prolonged heating periods led to 
the destruction of enzyme (Table I). The heated extracts were readily 
freed of coagulated material by centrifugation. The activity was precipi- 
tated by 60 per cent-saturated ammonium sulfate at 0°. The precipitate 
was collected by centrifugation and transferred with the aid of a small 
quantity of water to Visking tubing and dialyzed against distilled water. 
The contents of the tubing became clear at first; then, as the dialysis 
proceeded, a turbidity developed. After dialysis at 0° for 26 hours against 
eight changes of redistilled water, appreciable protein precipitated. This 
precipitate contained waldenase activity free of phosphoglucomutase. 


1 We are grateful to Dr. W. A. Wood for this preparation. 

2 The authors are indebted for suggestions to Dr. E. L. Smith of the University 
of Utah College of Medicine in whose laboratory the initial fractionation studies 
were made. 
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One such fractionation is given in detail in Table Il. The activity of 
Fractions 1 and 2 was limited by ions present in the bacterial extract; 
therefore what appears to be an increase in activity after ammonium sulfate 
precipitation represents an effect of dialysis. The purified extracts were 
gnsitive to a number of ions but maximal activity was observed in the 
dialyzed preparations with the dilute acetate. 
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Fic. 1. The lability of waldenase enzyme as a function of temperature and pH. 
Aliquots of the enzyme were held in an ice bath and adjusted to the pH indicated 
with dilute HCl or NaOH. After heating for 3 minutes, all samples were cooled in 
an ice bath and the pH adjusted to 7.0. After the samples were diluted to an equal 
volume with water, activity was measured on a suitable aliquot. 


TABLE [ 
Effect of Heating L. bulgaricus Extracts at pH 5.0 and 50° 








Activity* 0 min. 6 min. 9 min. 
Initial, %..... Reeve 100 95 79 


Units per mg. protein. . pet 0.33 0.34 0.29 


*1 unit of activity represents the conversion of 1 uM of acid-labile phosphorus to 
acid-stable phosphorus per 10 minutes. 


Manganese Requirement—A study of the metal requirements of the ex- 
tract is complicated by the necessity for the addition of phosphogluco- 
mutase (a metal enzyme) to the assay system. Although experiments 
indicated an enhancement of the waldenase with manganese, this was 
difficult to demonstrate conclusively, as phosphoglucomutase also requires 
a metal for maximal activity. An alternative approach was therefore 
made with the purified extracts. Galactose-l-phosphate was incubated 
in duplicate flasks with the purified enzyme (Fraction 5) with and without 
manganese additions. Samples incubated for zero time or for 10 minutes 
were adjusted to 0.3 nN with sulfuric acid and heated to hydrolyze the es- 
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TaBLeE II 

Fractionation of L. bulgaricus Extracts ters, § 
.. ican with 
Volume | Protein Activity*} Activity | Phosphoglu- 
| comutase photo 

ml. mg. total | = ter s per | — “a lution 


unis 
show 














1 | Original 13 112 76 | heel ) 
2 | Heated at 50° and pH 5.0 12.5 | 108 61 0.57 | } samp! 
3 | 4.70 gm. (NH,)2SO,-ppt. di- 6 54 195 | 3.61 | | of ma 
alyzed until clear Re 
4 Supernatant after prolonged 6 44 153 3.48 2.90 tract 
| dialyses 
Ppt. after prolonged dialyses 6 4 42 10.5 0 phate 
dissolved in 0.001 m_ bi- mato; 
carbonate of the 
a - ———_—__—_———_——_—— Eq 
* 1 unit of activity ity represents the conversion of 1 um of acid- labile phosphorus t to L. bu 
acid-stable phosphorus per 10 minutes. j 
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ters, and were neutralized with barium hydroxide, centrifuged, and treated 
with CO, to remove excess barium before chromatography. Fig. 2 is a 
photographic reproduction of the chromatograms. Standard galactose so- 
lutions were placed on the extremes for reference. Zero time samples 
show the presence of only galactose from the substrate, while the incubated 
samples clearly indicate an enhanced formation of glucose in the presence 
of manganese ion. 

Reversilility—To test the reversibility of the reaction, the purified ex- 
tract (Fraction 5) was incubated with the galactose and glucose-1-phos- 
phate ester. Following incubation, the samples were hydrolyzed and chro- 
matographed as in the previous experiments. A photographic reproduction 
of the chromatogram shown in Fig. 3 clearly demonstrates the reversibility. 

Equilibrium—The equilibrium has been studied by two methods with 
L. bulgaricus extracts. First, hydrolyzed samples of the equilibrium mix- 
tures were chromatographed between reference spots. After chromatog- 
raphy the reference strips were sprayed, then employed to indicate the 
nosition of the sugars in the sample strip. These areas were extracted with 
water, and reducing sugar estimates indicated that at equilibrium 26 per 
cent galactose and 74 per cent glucose were present. An additional esti- 
mate of the amount of glucose-1-phosphate at equilibrium was made by 
heating the equilibrium mixture to destroy waldenase activity. The 
amount of glucose-l-phosphate was then estimated with rabbit muscle 


phosphoglucomutase. From such data, 73 per cent glucose-1-phosphate 
has been found. 


DISCUSSION 


The addition of arsenate to yeast extracts to inhibit phosphoglucomutase 
enabled Leloir et al. (7) to demonstrate the reversibility of the galactose- 
glucose transformation. Spectrophotometric estimates at equilibrium in- 
dicated 25 per cent galactose ester. 

Although the accuracy is limited by the variation in areas of the spots 
and absorption of radiation by the paper, the measurements of C™ activity 
in the galactose and glucose areas in the present study may also be regarded 
as an approximation of the equilibrium. About 21 per cent galactose is 
indicated by this means. 

The multiple nature of the enzymes participating in this isomerization 
may be suggested, but the present studies give no direct confirmation of 
this. Indirect evidence points to such a possibility. One bacterial prepa- 
ration was obtained which was capable of readily converting galactose-1- 
phosphate into glucose-1-phosphate, although the reverse reaction was 
much slower than would be predicted from the equilibrium measurements. 
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Other preparations were obtained which interconverted glucose and galae. 
tose esters at a more predictable rate. 


SUMMARY 


The reversibility of the galactose-1-phosphate-glucose-1-phosphate trans- | 





By F 


formation has been indicated by (1) the detection of the carbon-labeled | 


galactose ester after incubation of carbon-labeled glucose-6-phosphate 
with bacterial extracts, and (2) the detection of galactose formation from 
glucose-1-phosphate after purification of bacterial extracts to eliminate 
phosphoglucomutase. 

The equilibrium of this reaction has been estimated at about 21 to 27 
per cent of the galactose ester and 73 to 79 per cent of the glucose ester. 
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ENZYMATIC SYNTHESIS OF A GROWTH FACTOR FOR 
LACTOBACILLUS BIFIDUS VAR. PENN* 


By FRIEDRICH ZILLIKEN, PHYLLIS N. SMITH, CATHARINE 8S. ROSE, 
AND PAUL GYORGY 


(From the Departments of Physiological Chemistry and Pediatrics, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, October 22, 1953) 


It has been shown (1, 2) that in human milk there are N-acetyl-p-glu- 
cosamine-containing oligosaccharides which promote the growth of Lactoba- 
cillus bifidus var. Penn. In the search for substances with lower molecular 
weight which would still show a growth-promoting effect in the micro- 
biological test, activity was found in mildly hydrolyzed chitin of crab and 
lobster shells,' in 8-methyl N-acetyl-p-glucosaminide, but not in the pure 
corresponding a-methyl glycoside (3) and in a crystallized disaccharide com- 
posed of N-acetyl-p-glucosamine and galactose, isolated from acid-hydro- 
lyzed gastric mucin (4). A crude, cell-free enzyme preparation, prepared 
from cells of L. bifidus var. Penn by grinding with alumina, extracting 
with 0.01 m phosphate buffer at pH 6.3, and lyophilizing the super- 
natant fluid, hydrolyzes these growth factors with liberation of N-acetyl-p- 
glucosamine which is only slightly active microbiologically (5). This same 
enzyme preparation, permitted to act upon a mixture of N-acetyl-p-glu- 
cosamine and lactose, may increase the apparent activity of N-acetyl-p- 
glucosamine up to 300 per cent. A very active N-acetyl-p-glucosamine- 
containing disaccharide has been found in such digests. The isolation and 
characterization of this compound and of an isomeric disaccharide are de- 
scribed in the present communication. 


EXPERIMENTAL 
Conditions for Optimal Synthesis 


Various amounts of lactose, N-acetyl-p-glucosamine, and enzyme were 
incubated under toluene in phosphate and acetate buffers ranging from pH 
4 to 8 and at temperatures from 20-45°. Samples were taken from the 
digests at intervals up to 96 hours. The enzyme action was stopped by 
heating for 30 minutes at 100°. The resulting precipitate was removed by 
centrifugation and the supernatant fluid was checked for growth-promoting 


*Supported by a grant from the Wyeth Laboratories, Division of the American 
Home Products Corporation. 


! Unpublished results. 
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activity for L. bifidus var. Penn in the microbiological assay developed by 
Gyorgy and collaborators (6). ; 

Fig. 1 shows that the activity of such enzymatic digests in the micro. 
biological test is dependent upon pH and incubation time.’ As can be 
seen, the stimulating effect was generally lost after 24 hours. The highest 
activation of N-acetyl-p-glucosamine was obtained in a mixture containing 
48 mg. of lactose, 29 mg. of N-acetyl-p-glucosamine, and 4 mg. of crude 
enzyme per ml. of 0.1 m phosphate buffer at pH 5.4 after 4 hours of incuba- 





100k X= pH 5.4 


. / O= pH 6.0 
®= pH 7.0 


UNITS PER ML. 














i l | i J 
2 3 4 6 8 24 48 72 96 
TIME (HOURS) 

Fig. 1. Relationship between incubation time of enzymatic digests and micro- 
biological activity for L. bifidus var. Penn expressed in growth units per ml. Each 
digest contained 625 mg. of lactose, 382 mg. of N-acetyl-p-glucosamine, and 50 mg. of 

‘ crude L. bifidus enzyme dissolved in 13 ml. of 0.1 m phosphate buffer of specified pH. 


tion at 37°. These conditions were followed in preparing digests for further 
studies. 


Paper Chromatographic Studies 


The paper chromatography was done on Whatman paper No. 1 at 25°. 
The upper layer from ethyl acetate, pyridine, and water (2:1:2) was used 
as solvent in the descending technique. The running time was between 24 
and 40 hours. The paper chromatograms were then dried in air at room 
temperature for at least 12 hours. A typical chromatogram of an enzy- 
matic digest is diagramed in Fig. 2. 

When the chromatogram was sprayed with aniline oxalate, several spots 
appeared which might be attributed to hydrolytic or transglycosidic action 
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correspond in position with the galactobiose and lactotriose observed by 
Wallenfels (7). In addition, two other reducing spots were found, oc- 
casionally weak, but always clearly visible under ultraviolet light. These 
spots, which will be referred to as D; and Dy, are located between lactose 
and galactose. The relative mobility was found to be lactose to D, to 
Dy = 1.00:1.13:1.30. The Morgan-Elson reagent (8) was used as a test 
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Fic. 2. Diagramed chromatogram of an enzyme digest containing 625 mg. of lac- 
tose, 382 mg. of N-acetyl-p-glucosamine, and 50 mg. of crude L. bifidus var. Penn 


enzyme in 13 ml. of 0.1 m phosphate buffer at pH 5.4 after 4 hours of incubation 
at 37°. 


for N-acetylamino sugars. When the reagent was applied after treatment 
of the paper with 50 per cent ethanolic Na»xCO; for 5 minutes at 100°, 
D; appeared as a violet spot while D,; did not become visible. Without 
pretreatment with alkali, D; did not develop color when it was sprayed with 
the Morgan-Elson reagent, indicating that the compound itself did not 
possess the chromogenic structure. In the test for —NH—CO— com- 
pounds, according to the method of Rydon and Smith (9) as modified by 
Gauhe? both D, and D;; appeared as blue spots. When the lactose was 


* Private communication. 
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replaced by galactose in the enzymatic digest, neither D; nor Dy, was de. 
tectable. 

To determine where the microbiological activity of the digests was ]o- 
cated, 0.06 ml. of the digest was placed in a band across a strip of filter 
paper 10 cm. in width and run for 40 hours. Sections of the chromato- 
grams were cut out and tested for microbiological activity; the sections 
corresponding to the position of D,, were found to be the most active. 


Isolation of Active Compound 


For the isolation of D; and Dy;, 800 mg. of crude enzyme preparation 
were added to 10 gm. of lactose and 5 gm. of N-acetyl-p-glucosamine dis- 
solved in 180 ml. of 0.1 m phosphate buffer at pH 5.4. The mixture was 
incubated under toluene at 37° for 4 hours. The enzyme action was then 
stopped by heating the digest for 1 hour at 100°. The digest was centri- 
fuged, and the supernatant fluid was deproteinized by shaking it mechan- 
ically for 30 minutes with 40 ml. of chloroform and 10 ml. of isoamy! 
alcohol, centrifuging for 20 minutes at 1500 r.p.m., and decanting the su- 


pernatant fluid through wet filter paper (10, 11). The filtrate was con- | 


centrated in vacuo to 30 to 50 ml. volume and this concentrate was ad- 
sorbed on a charcoal-Celite (1:1) column 60 mm. in diameter and 600 mm. 
in length. The column was eluted first with 14 liters of distilled water and 
then with ethanol: 21 liters of 2.5 per cent, 9 liters of 5 per cent, 18 liters 
of 7.5 per cent, 8 liters of 10 per cent, 4 liters of 15 per cent, and finally 4 
liters of 30 per cent. The column was kept at 25° and the solvent was run 
through continuously at a rate of 1.5 to 2 ml. per minute. All fractions 
were tested for reducing power with anthrone (12) (0.1 per cent in concen- 
trated H,SO,). Each eluate was concentrated to 1/100 of its original vol- 
‘ume and then analyzed by means of paper chromatography. Paper chro- 


matographic analysis of the eluates indicated that D; and Dy, nearly | 
free of other sugars, were present in the last 6 to 8 liters of the 7.5 per | 


cent ethanolic fractions. 


Characterization of Dy and Dy 


The combined 7.5 per cent alcoholic eluates which contain only Dy and 
Dy, were evaporated in vacuo to dryness. The amorphous residue weighed 
750 mg. and had an optical rotation of [a]>? +27.5° (H.O; ¢ = 1; a = 
0.55; 1 = 2 dm.) and a nitrogen content of 3.66 per cent. 700 mg. of 
the residue were peracetylated with 8 ml. of acetic anhydride and 2 ml. of 
dry pyridine. After the mixture had stood for 24 hours at room tempera- 
ture, the excess of pyridine and acetic acid was removed. The residue was 
dissolved in 50 ml. of dry chloroform, and petroleum ether was added until 
there was a lasting turbidity. After standing for a few days in the re- 
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is de. } frigerator, the amorphous precipitate was removed by centrifuging and 35 
ml. of petroleum ether were added to the supernatant fluid. After a few 
as lo- | days, 225 mg. of long needles with the sharp melting point at 222-223° 
‘filter | (Berl; uncorrected) were obtained. The optical rotation was [a]3” +61.5° 
mato- | (CHCl; ¢ = 1; a = 1.23;1 = 2dm.). After a second recrystallization 
ctions | from dry ethanol, the melting point and the optical rotation remained 
7 unchanged. 

@ihe analysis agrees with that calculated for an octaacetyl derivative of 

a disaccharide composed of N-acetylglucosamine and an aldohexose such 
ration | as galactose or glucose. 





: wd CusHisOisN. Calculated. C 49.61, H 5.81, N 2.07, acetyl 50.09 

fn Found. “ 49.65 ‘ 6.09 ‘* 2.08 «81.02 

3 then 

entri- The product obtained by saponification of the octaacetyl derivative in 


chan- | ammonia-saturated dry methanol was crystallized from ethanol in thin 
amyl | needles. After two recrystallizations from n-butanol, the melting point 
re su- | Was 172°. The equilibrium rotation, reached after 50 minutes, was [a]*° 
con | +40.5° (H20;¢ = 0.5; = 2dm.). The analysis gave C 43.84, H 6.58, N 
isad- | 365percent. The calculated values for a disaccharide composed of N-ac- 
)mm. | étylglucosamine and galactose or glucose would be for C 43.85, H 6.54, N 
rand | 3.66 per cent. 
Titers | The crystals reduced Fehling’s solution upon heating. The reducing 
ally 4 | value according to Macleod and Robison (13) was found to be 49.1 per 
asrun | cent that of glucose. The Morgan-Elson reaction with and without alkali 
ctions | pretreatment was negative. Paper chromatographic analysis of a 20 per 
yncen- | cent solution indicated that the preparation was homogeneous. The rela- 
al vol- | tive mobility was found to be Riactose = 1.30. After hydrolysis with 
chro- | L. bifidus var. Penn enzyme, N-acetylglucosamine and galactose were found 
nearly | by means of paper chromatography. After hydrolysis with 2 N H.SO, for 
5 per | thours at 100°, glucosamine and galactose were found. By oxidation with 
| NaOI, followed by acid hydrolysis, galactose and glucosaminic acid were 
obtained. In the microbiological test the preparation contained the unit 
of activity in 80 y. The crystals were found to have optical rotation, Rr 
), and , Value, and melting point identical with those of the crystallized disac- 
sighed charide isolated from hog mucin by Tomarelli et al. (4). The octaacetyl 
q@ = | derivative of Dy and the compound obtained from Tomarelli’s disac- 
ng. of | charide by peracetylation possessed identical properties. No depression 
ml. of | Was observed in mixed melting points of the two peracetylated compounds. 
npera- For the isolation of D;, the combined mother liquors of the first perace- 
1e was | tylation experiment were saponified with ammonia-saturated dry methanol 
j until | and evaporated to dryness. After one reprecipitation from dry ethanol, 
he re- 42 amorphous product was obtained which was composed of D,; and small 
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amounts of Dy. After a second precipitation from dry ethanol, irregula; 
crystals were obtained with a melting point of 157-159°. The equilibriyp 
optical rotation was found to be [a]®® +15.0° (HO; c = 0.5;1 = 2 dm.), 
The analysis was for C 43.62, H 6.72, N 3.85 per cent. The substance rp. 
duced Fehling’s solution upon heating. The reduction value according to 
Macleod and Robison was found to be 51.1 per cent that of glucose. After 
pretreatment with alkali, a positive Morgan-Elson reaction was obtained, 
The relative mobility was Riactose = 1.13. After hydrolysis with L. bifidus 
var. Penn enzyme, only N-acetylglucosamine and galactose were found by 
paper chromatography. The unit of microbiological activity was found 
in 1 to 1.2 mg. 


DISCUSSION 


In the presence of an enzyme preparation from L. bifidus var. Penn, it 
has been possible to synthesize from lactose and N-acetyl-p-glucosamine a 
disaccharide (Dj), highly active as L. bifidus factor. On the basis of the 
elementary analysis, hydrolysis products, reducing value, and reaction to 
the Morgan-Elson reagent, this compound appears to be identical with the 
active disaccharide which Tomarelli et al. (4) isolated from hog mucin. 


The formation of galactose and glucosaminic acid on treatment with sodium | 


hypoiodite indicates that the compound is galactosido-N-acety]-p-glucos- 
amine, but the negative reaction to the Morgan-Elson reagent is not readily 
explained. The other disaccharide isolated from the digestion mixture, 
which was much less active as L. bifidus factor, gives the positive reaction 
to the Morgan-Elson reagent expected of galactosido-N-acetyl-p-glu- 
cosamine. 

The enzyme preparation from L. bifidus var. Penn had strong lactase 
‘ activity. In addition to glucose and galactose, the presence of oligosac- 
charides was observed. The occurrence of transglycosidation in conjune- 
tion with the hydrolysis of disaccharides has been studied extensively 


during the past few years in enzyme preparations with invertase (12, 14), | 
maltase (15, 16), and lactase (17, 18) activity. It is probable that the | 


disaccharides of N-acetyl-p-glucosamine and galactose were formed by a 
transgalactosidation. That this type of mechanism is involved is sup- 
ported by the fact that no N-containing disaccharides were formed when 
the lactose in the digestion mixture was replaced by galactose. Since this 
work was undertaken, a brief report has appeared (19) that Wallenfels 
claims to have obtained galactosido-N-acetyl-p-glucosamine from lactose 
and N-acetyl-p-glucosamine by means of a lactase from Escherichia coli. 
It is of interest that in the present study two isomeric disaccharides were 
formed of which one only has high microbiological activity. 














Oa 


ae OS eat OOP ee 





egular 
ibrium 
dm.), 
nce re- 
ling to 

After 
rained, 
bifidus 
ind by 


found 


enn, it | 


mine a 
of the 
tion to 
ith the 
mucin. 
sodium 
glucos- 
readily 
rixture, 
eaction 
l-p-glu- 


lactase 
ligosac- 


onjune- | 


nsively 
12, 14), 


hat the © 


ad by a 
is sup- 
d when 
nce this 
allenfels 
- lactose 
hia coli. 
les were 











ZILLIKEN, SMITH, ROSE, AND GYORGY 305 


SUMMARY 


Two isomeric disaccharides of galactose and N-acetyl-p-glucosamine 
have been synthesized from lactose and N-acetyl-p-glucosamine by means 
of an enzyme preparation from Lactobacillus bifidus var. Penn. Both 
appear to be galactosido-N-acetyl-p-glucosamine, but they differ in their re- 
sponse to the Morgan-Elson reagent. The Morgan-Elson-negative compo- 
nent possessed a high growth-promoting activity for L. bifidus var. Penn. 
It was purified by means of the octaacetyl derivative and was found to be 
identical with a disaccharide obtained by Tomarelli et al. (4), while the 
Morgan-EBon-positive compound was relatively inactive in the microbio- 
logical test. 

Physical constants of the compounds were determined. 
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BIOSYNTHESIS OF CHOLESTEROL AND 86-HYDROXY-#- 
METHYLGLUTARIC ACID BY EXTRACTS OF LIVER* 


By JOSEPH L. RABINOWITZ anp SAMUEL GURIN 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 9, 1953) 


The preparation of a particle-free aqueous extract of rat liver capable of 
incorporating 1-C'‘-acetate into cholesterol has been reported previously 
(1). A further study of the enzyme system has been made in an attempt to 
determine whether this synthetic process involves merely a limited incor- 
poration of labeled acetate into a localized portion of the cholesterol mole- 
cule or whether a more random distribution of C™ is obtained. 

A number of environmental factors along with cofactor requirements, 
as well as the efficiency of incorporation of various C'*-labeled precursors, 
have been studied in some detail and are reported in this communication. 

Previous reports (2, 3) indicating that acetoacetate or a closely related 
4-carbon precursor might be incorporated into cholesterol without prior 
cleavage to a 2-carbon intermediate have led us recently to the hypothesis 
that a preliminary reaction in the formation of cholesterol might involve a 
condensation of activated acetoacetate (acetoacetyl CoA?!) with acetyl 
CoA to form 8-hydroxy-8-methyl glutarate. Evidence is reported here 
which supports the thesis that extracts of rat liver are capable of effi- 
ciently incorporating C"*-labeled acetate into 6-hydroxy-8-methyl glutarate 
(HMG). 





EXPERIMENTAL 


The preparation of the aqueous extract of rat liver was performed as 
described earlier (1), with a few minor modifications. A Potter-Elvehjem 
glass homogenizer with a pestle of outside diameter 1 mm. less than the in- 
side diameter of the mortar was employed (4). Sucrose was eliminated 
from the buffer medium, which was composed of KzHPO, 0.067 m, KH»PO, 
0.042 m, MgCl, 0.006 m, nicotinamide 0.03 m, pH 7. When buffer systems 
of greater capacity were required, the molarity of the potassium phosphate 


* Supported by a grant from the American Heart Association and from the Ameri- 
can Cancer Society, administered by the Committee on Growth of the National Re- 
search Council. The radioactive acetate and pyruvate were obtained on allocation 
from the United States Atomic Energy Commission. 

‘The following abbreviations are used: AMP, adenosine-5’-monophosphate; ATP, 
adenosinetriphosphate; DPN, diphosphopyridine nucleotide; CoA, coenzyme A; 
HMG, f-hydroxy-8-methy] glutarate. 
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was suitably increased, the concentration of the remaining components | chlori¢ 
being held constant. Lysis of the washed mitochondrial fraction (5) was } 20 to’ 
obtained by the addition of 5 volumes of H,O, followed by occasional gentle } ring 8) 
stirring for 30 to 45 minutes at 0°. 
After incubation with suitable substrates, 0.5 mg. of carrier cholesterg| | 
was added and the digitonide isolated as previously described (6). The} The 
digitonides were analyzed for C™ as infinitely thin layers in a gas flow | choles 
counter. Several samples showed no appreciable change in radioactivity | obtain 





after conversion to cholesterol dibromide. ' portio 
In order to demonstrate the conversion of 1-C'*-acetate to HMG, the | truly: 
labeled acetate was incubated with the aqueous enzyme system and the Stal 


reaction stopped after 3 hours by the addition of 30 per cent metaphos- | appro 
phoric acid. A small amount of non-radioactive HMG (20 mg.) was then | after. 
added and the suspension saturated with KCl. After continuous extrae- | activi 
tion of the suspension with ether for 10 to 20 hours, the ether layer was 
evaporated to a small volume and shaken with approximately 2 volumes 
of 10 per cent acetic acid (the HMG passes into the aqueous phase). The 
aqueous solution was evaporated in vacuo to dryness. The residue was |} —— 
kept in a vacuum desiccator over solid KOH for several days and dissolved 
in a small amount of anhydrous ether. By the addition of petroleum ether | — 
to incipient turbidity, followed by chilling overnight at —20°, HMG was} hole 
recovered in crystalline form (m.p. 105-106°). The substance was re- | Isooct 
peatedly purified by extraction with ether, followed by reextraction into } Nuele 
dilute acetic acid, which was similarly evaporated to dryness. The ma-} 4° 
terial was again recrystallized from ether-petroleum ether as described 
above. The brucine and quinidine salts of the acid were prepared without } bere 
significantly altering the radioactivity of the acid. As a further check, } or ak 
‘ these salts were dissolved in aqueous acid and the free acid once again | prep: 
extracted into ether and isolated as described. The specific activity of | ph 
the acid remained constant. | Varie 
When subjected to descending paper chromatography, the recovered | an 0 
acid yielded a single spot which contained all of the radioactivity on the | In 
paper. With an 8:1:1 ethanol-water-ammonia system, an Rp value of | nece 
0.42 was obtained. Upon admixture with an authentic sample of HMG (7) | Mor 
a single spot was obtained having the same Ry value. A further control | and 
study was performed by mixing C'*-labeled acetate with HMG and enzyme Re 
solution, followed by immediate isolation as described above. The re of i 








covered acid was inactive. linea 
In order to study the distribution of C“ in cholesterol derived by incuba- | tain 
tion of the aqueous extract with 1-C"-acetate, a number of cholesterol | 


digitonide preparations were pooled. Cholesterol was recovered from the | Vide 
digitonide by the pyridine-ether method (8), converted into cholesteryl |= 
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chloride (9), and partially degraded (10). By this procedure carbon atoms 
% to 27 are obtained as a mixture of isooctane and isooactene, and the 
ring system in the form of the hydrocarbon CisH3o. 


Results 


The data reported in Table I indicate that the distribution of C™ in the 
cholesterol synthesized by the aqueous extract is quite similar to that 
obtained from liver slices (10). It is clear that incorporation into a limited 
portion of the molecule is ruled out by this evidence and that this process is 
truly a synthetic one. 

Stability Studies—The activity of the aqueous extract was reduced to 
approximately 20 per cent after 24 hours at 0°; no activity was observed 
after 48 hours; at —20° approximately 20 to 30 per cent of the original 
activity was retained after several days. Aged preparations could not 


TaBLe I 


Distribution of C14 in Biosynthetic Cholesterol Obtained by Incubation of 
Aqueous Particle-Free Extract with 1-C'4-Acetate 





Substance | Radioactivity 





| c.p.m. per mg. C 


rt at iC. pn akidatounacinecubaucees 130 
Isooctane fraction (Coop—Co7)...............0 2 eee eee 121 
iat. ab anaundbigadnee eae aael | 147 

110 


Acetic acid (Cio, Ci7-C i) TER CCT RICE ORT CT ee 








be reactivated by the addition of fresh supernatant fluid nor did the presence 
or absence of sucrose appear to affect the stability or the activity of such 
preparations. . 

pH Optimum and Buffer Concentration—The optimal pH for the system 
varied from 6.8 to 7.2 with different preparations. Curran (11) reported 
an optimal pH of 6.6 for liver minces. 

In order to maintain constant pH during the incubation it was found 
necessary to keep the concentration of the buffer system at 0.1 to 0.20 M. 
More concentrated buffers (greater than 0.3 m) produced irregular results 
and frequently some inhibition. 

Rate of Synthesis—During the first 3 hours of incubation at 34°, the rate 
of incorporation of 1-C"-acetate into cholesterol appeared to proceed 
linearly (Table II); by this time nearly maximal incorporation was ob- 
tained. 

The addition of 5 um of labeled acetate to 7 ml. of enzyme system pro- 
vided an excess of substrate, since further increases did not enhance the 
incorporation into cholesterol. 


vVitws 
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TaBLeE II G 
Effect of Time of Incubation upon Cholesterol Synthesis mal 
All the flasks contained 7 ml. of water-soluble enzyme system. The additions per 
were 1 mg. each of ATP and DPN and 5 um of 1-C'*-potassium acetate (0.84 x 19 con 
c.p.m. per uM). All the flasks were shaken simultaneously at 34°. Gas phase 95 ; 
per cent O2-5 per cent COz. Flasks removed at stated time intervals. a 
i a — Soa Ww 
Incubation time RS eee gicvind We 
a ——_—_—___ rep 
hrs. c.p.m. per mg. C um X 108 
0.00 0 0.0 
0.25 0 0.0 
0.50 15 0.9 
1.00 30 1.9 
1.75 42 2.7 ] 
2.50 104 6.5 AT 
3.50 100 6.4 car 
5.00 129 8.3 CO 
7.00 110 7.1 of | 
Slater highs es a — Rien Ex 
m 
} 
AMP se 
” “ * et 
°o - Lo. CoA ™ 
x a a “S % 
eal “Se. Ne. 
ios oa ies —— ; 
= | eee Se Me Ph ge me ee ee omemecececmsmcermcmens — — - ex 
Wi 
— 
pmol AMP 2 3 4 5 6 7 8 SO 
| as 
pmolATPorDPN |} 2 3 S a 
pmol Co A 0.05 0.10 0.15 0.20 or 
Fig. 1. Effect of cofactors upon cholesterol synthesis by charcoal-treated extracts | be 
of liver. The action of AMP or ATP was determined in the presence of 1.5 um of of 
DPN. Conversely the effect of DPN was investigated in the presence of 15 umof |) —g¢ 
ATP. Optimal quantities of both cofactors were present when the CoA effect wa | J, 
studied. In the latter case four treatments with charcoal were required. All flasks 
contained a final volume of 7 ml: and were shaken at 34° for 3 hours. The gas phase | PI 
was 95 per cent O2-5 per cent COs. S 
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Gas Phase—The presence of O2 in the gas phase was required for maxi- 
mal activity. No differences were observed when 100 per cent O, or 95 
per cent Oz-5 per cent CO. were employed. Incubation under anaerobic 
conditions produced a marked diminution of synthetic activity. No shak- 
ing was required when flasks large enough to maintain a thin layer of 
fluid were employed. 

Cofactor Requirements—The addition of DPN along with ATP or AMP 
repeatedly produced a small stimulating effect on the original aqueous 


TaBLeE III 


Incorporation of C'4-Labeled Substrates into Cholesterol by Aqueous Extracts 
of Liver 
Each flask contained 7 ml. of enzyme system. The additions were 1 mg. each of 
ATP, DPN, and substrates. Following incubation for 3 hours at 34°, 0.5 mg. of 
earrier cholesterol was added to each flask. Gas phase 95 per cent O2-5 per cent 
CO.. All experiments were performed in duplicate. In each experiment aliquots 
of the same enzyme solution were utilized. 











Experi- | Labeled substrate 





ment Substrates |Activity of substrates|Recovered cholesterol incorporated into 
No. | cholesterol 
c.p.m. per um X 108 c.p.m. per mg. C um X 108 
1 1-C'4-Acetate 1.03 | 230 1.2 
2-C'4-Pyruvate | 0.09 | 324 18.0 
1-C#-Avetyl CoA 0.25* | 111 2.6 
2 1-C4-Acetate | 1.03 1353 | 7.0 
es + sene- | 1.03 | 325 | 2.0 
cioic acid | 
1-C4-Acetate + aceto- | 1.03 | 432 2.3 
acetic acidt | | 
1-C4-Acetate + HMGf|/ 1.03 520 2.6 





* Acetyl carbons. 
71 mg. 


extract. When they were added singly, no effect could be obtained, nor 
was any effect obtained by the addition of CoA. Following a single ab- 
sorption upon charcoal (12), which reduced synthetic activity by as much 
as 70 per cent, the addition of DPN together with ATP and AMP restored 
activity to a value approximately 70 per cent of that observed with the 
original extract. Four successive treatments with charcoal were required 
before a dependency upon CoA could be demonstrated (in the presence 
of DPN and ATP or AMP). The results are illustrated in Fig. 1. Ex- 
cessive amounts of ATP produced inhibitory effects, while considerably 
less inhibition was observed with AMP (Fig. 1). With a large number of 
preparations, better stimulation was obtained with AMP than with ATP. 
Similar results have been reported by Bucher et al. (13) for homogenates 
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of liver. The addition of AMP and DPN to preparations treated once 
with charcoal repeatedly restored nearly full activity. 

Labeled Substrates—The incorporation of various C'*-labeled substrates 
into cholesterol by the particle-free system is shown in Table III. 2-0". 
Pyruvic acid appears to be the most efficiently utilized precursor, followed 
by 1-C'-acetyl coenzyme A and 1-C"-acetate in decreasing order. 

Labeled acetoacetate is not utilized by the system, in contrast to re- 
sults obtained with liver slices. The addition, however, of non-radio- 
active acetoacetate reduced significantly the incorporation of labeled ace- 
tate into cholesterol. Similar effects were obtained with senecioic acid 
(8-methylerotonic acid) and 6-hydroxy-8-methy] glutarate. 


TaBLe IV 


Radioactivity of HMG and Cholesterol Following Incubation of Aqueous 
Extracts of Liver with 1-C'4-Acetate* 














Radioactivity 
Substance —— = es ——a 
Experiment 1 | Experiment 2 
c.p.m. per mg. C | C.p.m. per mg. C 
MG cote a see enis bs tase ats.ae diy Bela 1375 1821 
I cy has aca te Sven cin i 1339T 1771t 
oS Ee a eee 1430 | 1764 
Regenerated HMG...................... 1311 | 1693 
0 0 eee eee 150 | 125 





* 1.032 X 105 c.p.m. per um; 5 um per 7 ml. of enzyme system. 
+ Corrected for brucine or quinidine content. 


8-H ydroxy-8-methyl Glutarate—The experiments and procedures designed 
to demonstrate that the aqueous enzyme system is capable of converting 
1-C'-acetate to 8-hydroxy-8-methyl glutarate have been described in the 
experimental section. The results are recorded in Table IV. Despite 
the fact that 20 mg. of HMG were added as carrier, while only 0.5 mg. of 
cholesterol was similarly employed, it will be observed that the recovered 
HMG was much more highly radioactive than the cholesterol recovered 
from the same solution. No significant diminution of the radioactivity 
of HMG could be demonstrated after the purification procedures de- 
scribed in the experimental section. 


DISCUSSION 


The CoA requirement suggests that acetyl CoA is probably an important 
precursor of cholesterol; the results obtained with C-labeled acetyl CoA 
suggest that this may indeed be the case. Whether acetoacetyl CoA is 
also involved as a precursor must await further purification of the pertinent 
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enzyme systems. ‘The failure of the soluble enzyme system to utilize ace- 
toacetate suggests that an acetoacetate-activating system present in slices 
is lost or destroyed in the preparation of the extract. 

Unexplained as yet is the inhibiting effect of added acetoacetate upon 
the incorporation of acetate by the water-soluble system; this effect is ob- 
tained despite the fact that this enzyme system cannot incorporate labeled 
acetoacetate into cholesterol. 

The relatively efficient incorporation of 1-C'-acetate into HMG pro- 
vides the first clue regarding the nature of a small branched chain product 
derivable from acetate. Further experiments are in progress to determine 
whether this substance, as well as 6-methylglutaconic and senecioic acids, 
is an intermediate in the biosynthesis of cholesterol. 


SUMMARY 


Further studies are reported upon the preparation and properties of a 
particle-free aqueous extract of rat liver capable of incorporating C"*-labeled 
acetate, pyruvate, and acetyl coenzyme A into cholesterol. Both 2-C™- 
pyruvate and 1-C'-acetyl coenzyme A are more efficiently utilized than is 
1-C*-acetate. 

The cholesterol biosynthesized from labeled acetate by this aqueous 
system has been shown to be randomly labeled. 

A requirement for DPN, ATP or AMP, and CoA has been demon- 
strated. 

Carrier experiments with this enzyme system indicate that it can effi- 
ciently incorporate 1-C'*-acetate into 6-hydroxy-§-methyl] glutarate. 
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SYNTHESIS OF SOME ARYL-SUBSTITUTED t-CYSTEINES 
AND THEIR FATE IN THE ANIMAL BODY* 


By HAROLD D. WEST anp GHARBHARAN R. MATHURAt 


(From the Department of Biochemistry, Meharry Medical College, Nashville, 
Tennessee) 


(Received for publication, November 16, 1953) 


While experiments designed to isolate a mercapturic acid from the urine 
of animals fed diphenyl were under way, it seemed of interest to undertake 
the synthesis of diphenylmercapturic acid. Since some difficulty was en- 
countered in preliminary trials, it was decided to extend the study to in- 
clude a series of aryl-substituted cysteines with aromatic groups different 
from diphenyl. By varying the position and nature of the substituent 
groups in the aromatic ring structures, there would be available a series of 
compounds which might prove of value in the study of the metabolism of 
mercapturic acids. Any effect of the position of the substituents upon 
acetylation could be observed. Such a study would also give information 
regarding the limitations of the synthetic method employed. 

Eleven new aryl-substituted L-cysteines and the corresponding mer- 
capturic acids, including diphenyl-L-cysteine and diphenylmercapturic acid, 
were prepared. One known mercapturic acid (a-naphthyl-) was also syn- 
thesized through the cysteine by the procedure employed. It was found 
that all twelve of the cysteines are converted in the albino rat to the mer- 
capturic acid. 


EXPERIMENTAL 


The method of synthesis is described in detail elsewhere. It is essen- 
tially that first used by du Vigneaud, Wood, and Binkley for the prepara- 
tion of p-bromophenyl-t-cysteine and the corresponding mercapturic acid, 
acetyl-p-bromophenyl-.-cysteine (1), and later p-chlorophenylmercapturic 
acid (2). In general 10 gm. of L-cysteine hydrochloride were converted to 
the cuprous mercaptide and treated with the calculated amount of the 
appropriate amine which had been diazotized in the usual manner. The 
aryl-substituted L-cysteines obtained were acetylated by the procedure 


* Supported by a research grant, No. C-1524, from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service. Presented at 
the Forty-third annual meeting of the American Society of Biological Chemists at 
New York, April, 1952. 

t This work is part of a thesis presented by Gharbharan R. Mathura to the Council 
on Graduate Studies in partial fulfilment of the requirements for the degree of Master 
of Science in Biochemistry. 
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described in the references cited. They could be purified by recrystalliza. 





‘ : 2 oti: 
tion from water or ethanol. Analytically pure aryl-substituted cysteines - 

; ee : ? ' L-cys 

could be obtained by boiling under reflux a quantity of the pure mercap- gen 

extra 


TABLE [ 
Aryl-Substituted Cysteines* 


2 | 









































| fa] ,1% Microanalyses 
Cysteines Mp. | Yieldt | in 0.1 SS — 
| ‘NaOH c |Hly 
<c. gm. | degrees pond pnd = 
o-Chlorophenyl- 156-158 | 8.80 | 13.5 Calculated |47.08/4.35/6.04 
(CoH1902NSCl) Found 46 .94/4.48/6.04 | 
m-Chloropheny]- 172-173 | 7.30] 12.6 | Calculated |47.08/4.356.04 | & | 
(CsH1,02NSCI) Found 47.09|4.54/6.40 | 8: 
o-Bromopheny]- 166-167 | 7.57 | 14.2 Calculated /|39.01)3.64)5.06 6. 
(CsH1002NSBr) Found 38.78|4.2815.09 | 5: 
m-Bromophenyl- 178 9.30| 13.3 | Calculated |39.01/3.645.06 | © 
(CyH1002NSBr) Found 39.05/3.6114.81 | ® 
a-Naphthyl- (C:sH1:02N8) | 182-183 | 8.70| 5.8 8. 
g-Naphthyl- (Ci3H:02NS) | 190.5- | 7.25| 21.2 | Calculated |63.1215.3015.6 | 3: 
191.5 Found 63.5515.4515.67 6. 
o-Tolyl- (CisH1:02NS) 166-167 | 5.80| 10.2 | Calculated |56.85/6.20/6.6 | > 
Found 56 .63/6 . 4516.55 8. 
m-Tolyl- (C1oH1302NS) | 175-176 | 6.30} 6.3 | Calculated |56.85/6.20/6.63 } >: 
Found 57 .74/6 3916.60 6. 
p-Tolyl- (CicH1:0:NS) —_| 200-202 | 7.40] 12.3 | Calculated |56.35\6.206.63 | 2: 
Found 57 .79/6.21/6.49 8. 
o-Methoxyphenyl- 170 5.70 6.4 Calculated |52.84|5.77\6.16 B. 
(C1oH10;NS) Found —_[51.36(6.18.0 | > 
p-Methoxypheny!l- 178 6.00 3.5 | Calculated |52.84|5.77|6.16 3. 
(Ci9H1303NS) | Found 52.70/6.13/6.19 ; 
Diphenyl- (C:1;H,02NS) 209 | 12.30 | | Calculated |65.90|5.53/5.12 B. 
| | | Found 65.79)5.13/4.94 : 
* All of the cysteines were found to be converted to the corresponding mercapturic 8. 
acids in the animal body. B. 


t Yields based on 10 gm. of t-cysteine hydrochloride and an equivalent amount 
of the appropriate amine. 


a 


in the manner already indicated. 

For the feeding experiments with aryl-substituted L-cysteines the method 
employed earlier (2) was used, except that the compound was incorporated 
in a synthetic diet described by Stekol (3). 

The experience gained in the study of the synthesis of the eleven cys- | 
teines led to the conditions for preparation and isolation of diphenyl-1- 
cysteine and diphenylmercapturic acid. When aminodiphenyl was di- 


filt 


aci 

turic acid with 12.5 per cent H,SO, for 1 hour and isolating the product | ; 
; 

| . 

| diy 


tu 
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alliza.- azotized and added to the cold solution of the cuprous mercaptide of 
teines L-cysteine, diphenyl-L-cysteine came out of solution as a solid while nitro- 
ercap- gen was being evolved. The solid was washed with water, dried, and 
extracted several times with ether. The mercapturic acid was prepared 



























































ry. TaBie II 
Synthetic and Biosynthetic Mercapturic Acids 

, N y | | [a], | Microanalyses, synthetic acids 
S Mercapturic acids Yield*|  M.p.t 1% in Rint a : 
r | per | | ROH | Cc H N 
| cent eaieliahetpiaiinnentan a ne ictal . aan 
5516 .04 | sm. | +. | degrees | [nal mol = 
~ 8. | o-Chlorophenyl- (0.880)146.5-147.5,) —6.1) Calculated peter oe 5.11 
416.40 a | (Cy,;H1203NSCl) \0.920)147 —6. 2 Found (4 8 .60)4.47|4.89 
415.06 s. m-Chloropheny]- (0.800) 160. 5-161 —1l1. 2) Calculated |48.29)4.38]5.11 
nal & (C1sH20;NSCI) (0.927|160..5-161 |-10.7| | Found —_|47.70)4.27|5.03 
4 5.06 8. o-Bromopheny]- 0.900/131 .5-132 —0.7| | Calculated |41.54|3.80/4.40 
114.81 B. (Cy,H1203;NSBr) (0.850/131 | —0.7| | Found |41.63/3.98)/4.34 
| S. m-Bromophenyl- \0.880)159 -160 | —9.6) Calculated |41.54/3.80|4.40 
015.66 B. (C1:1H1203;NSBr) 0.274/163 —164 |— 10.6) Found |40 95/3 .67|4.24 
515.67 S. a-Naphthyl- 0.530/170 -172 |—24.1| 
016.63 B. (C15sH1;0;NS) 0.853)173.5 \- 24.4) 
516.55 8. | ¢-Naphthyl- 0.700)159.5-160 |= 20.9) 9| Calculated (62..28)5.23/4.84 
016.63 B. | (C1sH1;0;NS) 0.759/160 20. 9| Found 62.32 5.32/4.71 
al6..60 s. | o-Tolyl- 0.700)144.5-145 —8.0) Calculated pe 5.97|5.53 
ol6..63 » | (C12H1;03;NS) 0.685)144.5-145 ~7.9) Found \° 6 56/6 .06/5.71 
116.49 8. |  m-Tolyl- 0.600)141 |—18.6| Calculated |56.89)5.97/5.53 
716.16 B. | (C12H1;0;NS) 0.640)141 “5 [28.0 Found [56 .83|5.88/5.60 
9|5,.99 8. p-Tolyl]- 0.640)144 -145 23.0) Calculated |56.89/5.97/5.53 
716.16 a (C12H1,0;NS) 0 .548)143 .5-144 \—23. 4) Found 56 .97/6.22)|5.51 
316.19 8. o-Methoxyphenyl- 0.649)145 -146 |—25. 7| Calculated |53.51|5.61/5.19 
35.19 B. (Cy2H1,;0,NS) 0.750)144.5-145 |—25.5| Found 53 .59/5.85/5.28 
314.94 8. p-Methoxypheny]- 0.210)122.5-123 .5|—32.2| Calculated |53.51/5.61|5.19 
bee B. | (CisH1;0,NS) (0.802123 -124 |—32.0 Found _|53.02\5.67)5.14 
aus 8. | Diphenyl- (0.305,179.5 '— 27.6) Calculated (64.73|5.43)4.44 

B. (Ci7H170;NS) (0.250/180 |—27. 4 Found 165. 89/3 .42/4.68 

| | | 
—_ *1 gm. acetylated; 2 gm. fed. 
+ When approximately equal amounts of synthetic (S.) and biosynthetic (B.) 
aie acids were mixed, there was no depression of the melting point. 
hod by the acetylation of the cysteine thus obtained. It was necessary to 
ae filter the acetylation mixture before acidification in order to remove unused 
. diphenyl-t-cysteine which is only slightly soluble. 
cys- Results 
. Twelve aryl-substituted L-cysteines and their corresponding mercap- 
; turic acids were prepared. Eleven of these are reported for the first time, 
i 
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and one, a-naphthyl-L-cysteine (and the corresponding a-naphthylmercap- 
turic acid), was prepared for the first time by this procedure. The cys. 
teines are listed in Table I and the mercapturic acids in Table II. Melting 
points, yields, optical rotations, and microanalyses of the synthetic com- I. 
pounds are included. Because of the slight solubility of diphenyl-.-cys. 
teine in the 0.1 N NaOH used for this purpose, its optical rotation was | 

not determined. All of the cysteines were found to be converted in the 

albino rat (Wistar strain) to the corresponding mercapturic acids. Melt- 

ing points, yields, and optical rotations of the biosynthetic acids are given 








in Table II. m 
se} 
SUMMARY liquic 
1. Eleven aryl-substituted L-cysteines and the corresponding mercap- ee 
turic acids have been prepared. Another substituted L-cysteine, a-naph- te | 
thyl-, and the acetylated derivative, it was found, can be prepared satis- ue 
factorily by the method employed. = 
2. All of the substituted cysteines described are acetylated by the albino " - 
rat, and the resulting mercapturic acids have been isolated from the urines. 
Five examples of the conversion of an aryl-substituted cysteine to the Ja 
corresponding mercapturic acid have been previously reported (2). This y" bi 
brings the total number to seventeen and would appear to indicate this oo 
biological conversion to be generally characteristic of cysteine derivatives like 
of this type. TT 

3. The position of the-substituent in the ring does not seem to affect 

the acetylation materially in the animal body. “ 
4. The method of synthesis of the substituted L-cysteines employed is the | 
of rather wide application. _ 
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STUDIES WITH BIFORMIN 


I. ITS CHARACTERIZATION AS A POLYACETYLENIC 9-CARBON 
GLYCOL* 


By MARJORIE ANCHEL anp MARVIN P. COHEN 
(From the New York Botanical Garden, New York, New York) 


(Received for publication, December 9, 1953) 


Several years ago, Robbins, Kavanagh, and Hervey reported that culture 
liquids of the Basidiomycete Polyporus biformis contained two antibiotic 
substances, biformin and biforminic acid (1). Reinvestigation of freshly 
produced culture liquids of this organism has resulted in the separation of 
several active fractions. From one of these, a highly unstable crystalline 
antibiotic polyacetylene has been isolated, which is referred to in this paper 
as biformin.' 

Biformin was obtained from one of the active fractions resulting from 
counter-current distribution of material obtained by chloroform extraction 
of the unboiled? culture liquid. Careful evaporation of an ethereal solution 
of biformin either alone, or in the presence of a volume of water insufficient 
for complete solution of the compound, resulted in the formation of needle- 
like erystals, which darkened after a few minutes. 

The bacterial spectrum of biformin' was not strikingly different from 


* This investigation was supported in part by a research grant (No. E-226) from 
the National Microbiological Institute of the National Institutes of Health, United 
States Public Health Service. 

1To avoid complication of the literature, the name ‘‘biformin”’ has been retained 
for the polyacetylene described in this paper, although from the data available (1) 
it would not be feasible to attempt to identify the compound with either of the frac- 
tions originally called biformin and biforminic acid. 

? The antibacterial activity of culture liquids of P. biformis was increased from 4 
to 8 times by boiling (1), but the activity of the material obtained in a chloroform 
extract of unboiled culture liquid was not affected appreciably by boiling. The cul- 
ture liquid before extraction averaged about 64 units of activity (2) per ml. against 
Staphylococcus aureus when the test sample was filtered, and about 256 units per ml. 
when the sample was boiled for 10 minutes. After extraction there was usually no 
appreciable change in the value for the boiled sample as compared with the boiled 
sample of the original culture liquid (since the activity removed represented too 
small a fraction of that obtained on boiling to be reflected in the assay). But the 
value for the filtered sample usually fell to about one-half of its original value, in 
agreement with the idea that the active material remaining, as distinct from that 
extracted, had intrinsic activity which was increased by boiling. This interpreta- 
tion was further supported by the fact that the activity of the chloroform extracts 
was not increased by boiling the sample. 
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those reported previously for biformin and biforminic acid (1). The com. Tk 
pound also showed rather high activity against a number of fungi (Table]) | by tl 
The ultraviolet absorption spectrum of biformin (Fig. 1) showed maxima | desc! 
with spacing typical for polyacetylenes (3, 4). The positions of the peaks | rend 
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Fig. 1. Ultraviolet absorption spectrum of biformin (about 0.005 per cent in | of t 
water). A Beckman DU spectrophotometer was used for the measurements. The | 75 
readings were taken at intervals of 1 mu around the maxima and minima, elsewhere ; 
at intervals of 5 mu. nati 


acti 
259, 274, 291, and 310 my resemble those of several other naturally occur- diff 
ring polyacetylenes, quadrifidin B; (5), drosophilin D (6, 7), the lachnophyl- | PF0 
lum acid esters (8-10), and a suberamic acid ene-diyne isolated from Clito- ord 
cybe diatreia (11). The last two compounds contain an ene-diyne system | 10! 
conjugated to a carboxyl group (derivative). A conjugated carboxyl group | 8 


is roughly equivalent, spectrophotometrically, to an additional conjugated | 
double bond (9); hence a diene-diyne (or an ene-diyne-ene) grouping 1s und 
another system to which the spectrum might be attributed. viel 
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The presence of the latter rather than the former system was indicated 
by the structure of the reduction product, which proved to be a glycol, as 
described below. The presence of an ester grouping in biformin is thus 
rendered unlikely, since it would not be expected that such a group would 
be reduced catalytically under the mild conditions used. 

Catalytic reduction of biformin yielded a waxy, crystalline product, 
(sH2O2, a molecular formula which pointed to the presence of two hy- 
droxyl groups. In confirmation of the presence of these groups, the reduc- 
tio product yielded, under mild conditions, a crystalline monodinitro- 
benzoate, CigH2207N2, and, under somewhat more rigorous conditions, a 
didinitrobenzoate. The latter was not obtained in crystalline form, but 
was purified and analyzed as its crystalline naphthylamine addition com- 
pound, C4sH42012N¢. From these results it appears likely that one hy- 
droxyl group may be primary and the other secondary. This possibility is 
being investigated. 

Biformin, on treatment with alkali, undergoes changes, as evidenced by 
its absorption spectrum, which are of a different type than those which 
occur with nemotin (12, 13), with the drosophilins (7), and with mycomycin 
(14). Nemotin and the drosophilins probably undergo the same type of 
(allene — acetylene) shift as does mycomycin, since the spectral changes 
are strikingly similar. (The reduction product of nemotin has been identi- 
fied as undecanoic acid,’ by analysis of the product and of its p-toluidide 
and by mixed melting point of its p-toluidide with that of an authentic 
sample of undecanoic acid p-toluidide. The reduction product of nemotin 
A proved to be identical. These results are in further agreement with the 
idea that the alkali conversion of nemotin consists of an isomerization.) 
With biformin under the same conditions, the change takes place much 
more slowly (about 8 days as compared to 1 hour for nemotin), and the 
product, as evidenced by its ultraviolet absorption spectrum, is of a differ- 
ent type. The most striking change in the ultraviolet absorption spectrum 
of biformin treated with alkali is a rise in the specific absorption around 
275 to 280 my and 290 my to about 10 times its original value, with elimi- 
nation or masking of the other peaks. The relationship of the biological 
activity of the conversion product to the parent compound is likewise 
different for biformin. In the other alkali conversions mentioned, the 
product had microbiological activity distinct from, although of a lower 
order than, that of the parent compound (7, 12, 15). The alkali conver- 
sion product of biformin is devoid of appreciable antibiotic activity for the 
organisms tested. 


*The reason for formation of an acidic reduction product from nemotin is not 
understood. (It is conceivable that nemotin contains a lactone ring and that this 
Yields the desoxy acid by hydrogenolysis.) 
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From the ultraviolet absorption spectrum of biformin, and from the 
data on its reduction product, it appears that the compound represents 
an unsaturated 9-carbon glycol, with two ethylenic and two acetylenic 
bonds. The arrangement of the bonds and the positions of the hydroxy! 
groups are now under study. 


EXPERIMENTAL*: © 
Isolation of Biformin 


Batches of culture liquid of about 20 liters in volume were used. These 
were extracted at their original pH of about 5 with 20 per cent of their 
volume of chloroform. Further extraction removed very little more active 
material, although the major portion of the activity was still in the culture 
liquid.2 The combined chloroform extracts of four batches were concen- 
trated carefully to a small volume, under reduced pressure; drying on the 
walls should be avoided. The last of the chloroform was removed in the 
presence of a volume of water just sufficient to dissolve the material con- 
tained in the chloroform extract, and an equal volume of methanol was 
added immediately. The aqueous methanolic solution was submitted toa 
ten funnel counter-current distribution with a 2:1 solution of ether-Skelly- 
solve B as one phase and 50 per cent methanol as the other. Most of the 
activity appeared in the middle funnels of the distribution, the solutions in 
which showed characteristic absorption maxima (Fig. 1). Both phases of 
the best fractions (as judged spectrophotometrically) were combined, and 
the organic solvents were removed under reduced pressure, leaving an 
aqueous solution, which was extracted immediately with ether. The com- 
bined ethereal extracts were dried over sodium sulfate, concentrated, and 
added in appropriate volume to Skellysolve B for further distribution 
‘against aqueous methanol... After an original distribution and three r- 
distributions of material prepared as described, a constant spectrum (Fig. 
1) was obtained. As the material approached purity, biformin crystallized 
readily from evaporated solvent, either on a dry surface or in a small 
amount of water. 


Catalytic Reduction of Biformin 


The solvent was removed from a concentrated ethereal solution of about 
150 mg. of biformin, in the presence of 5 ml. of absolute ethanol. The 
alcoholic solution of biformin thus obtained was added to 100 mg. of previ- 
ously reduced Adams’ platinum oxide catalyst and shaken with hydrogen 
at room temperature and slightly above atmospheric pressure. When the 

4The melting points are uncorrected. 


5 The microanalyses were performed by the Huffman Microanalytical Labora- 
tories, Wheatridge, Colorado. 
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uptake of hydrogen stopped (about 145 ml. were used), the catalyst was 
centrifuged and the alcohol was removed in a stream of nitrogen. The 
gummy yellow residue, after purification in a sublimation vessel, was ob- 
tained as a waxy, crystalline white solid, melting at 40-43°. The analytical 
values agreed with the expected for a molecular formula of CsH2.0.; found, 
mol. wt. 164, C 67.58, H 12.44; calculated for CyH2 902, mol. wt. 160, 
C 67.45, H 12.58 per cent. 


Reaction of Reduction Product of Biformin with 3 ,5-Dinitrobenzoyl Chloride 


Mono-3 ,5-dinitrobenzoate—A benzene solution of about 0.1 gm. of the 
reduction product was treated with a benzene solution of about 0.1 gm. of 
freshly prepared 3 ,5-dinitrobenzoyl chloride and a few drops of pyridine. 
The solution was heated to boiling, cooled, and worked up in the usual way. 
The product was recrystallized from benzene-Skellysolve B. About 20 
mg. of a somewhat waxy product were obtained, crystallizing in needles 
and melting rather unsharply at 50-55°. The analytical values agreed 
with the expected for a monodinitrobenzoate of CpH2.O2; found, C 54.39, 
H 6.24, N 8.01; calculated for CisH2207N2 (354.35), C 54.23, H 6.26, N 
7.91 per cent. 

Di-3 ,5-dinitrobenzoate (a-Naphthylamine Addition Compound)—About 50 
mg. of the reduction product were treated with the reagent as described in 
the preceding paragraph, but the solution was refluxed for 30 minutes 
before being worked up. The product did not crystallize, but, on treat- 
ment of its ethereal solution with a-naphthylamine in excess, orange crys- 
tals were deposited. After recrystallization from absolute ethanol-benzene, 
these crystals were obtained as rosettes of orange needles melting at 111- 
112° (corrected). For analysis the compound was dried in vacuo at room 
temperature for 2 days. The analytical values agreed with the expected 
for a didinitrobenzoate of CygHeOs, plus 2 moles of naphthylamine, with 
the exception of the carbon value, which was somewhat low. However, 
the theoretical values for a naphthylamine derivative of a monodinitro- 
benzoate of CgHooO2 are quite far off for all three values; found, C 61.19, 
H 5.14, N 10.13; calculated for C4sHeOi.N¢ (834.81), C 61.86, H 5.07, N 
10.07; calculated for CogH3,07N; (497.53) (naphthylamine addition prod- 
uct of the monodinitrobenzoate), C 62.76, H 6.28, N 8.45 per cent. Since 
the product was obtained in an amount insufficient for more than one re- 
crystallization, the low carbon value may be due to a small amount of 
impurity in the sample. 


Effect of Alkali on Biformin 


An aqueous solution of biformin containing about 0.24 mg. per ml. was 
treated with an equal volume of 0.1 m borate buffer of pH 10 and incu- 
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bated at 37°. A constant spectrum was obtained after 8 days. This 
showed maxima consistently at 291 my and at 276 to 278 my. In some 
experiments a shoulder or peak appeared also at 263 and at 224 my. The 
height of the maxima was usually about 10 times that of the biformin 
maxima of the solution before incubation. Absorption fell off sharply 
below 278 mu and above 291 mu. 


Microbiological Activity of Biformin, Its Reduction Product, and Produye | 


Obtained by Alkali Treatment 


Aqueous solutions of biformin and of its alkali conversion product, con- 


taining 0.5 mg. per ml. of the compounds, were used. For the same con- | 


TaBLe I 
Microbiological Activity of Biformin 

















Minimal Minimal 
Bacteria inhibitory Fungi inhibitory 
concentration concentration 
7 : 
Staphylococcus aureus 1 Aspergillus niger 1 
Mycobacterium smegmatis | 0.5 Penicillium notatum 2 
Escherichia coli 1-2 Phycomyces blakesleeanus 4 
Klebsiella pneumoniae 2 Trichophyton mentagrophytes | 0.5 
Pseudomonas aeruginosa | 63 Chaetomium globosum 1 
Bacillus subtilis 0.06-0.125 | Gliomastiz convoluta 4 
- mycoides 63 Memnoniella echinata 2, 0.5* 
Myrothecium verrucaria | 62, 32* 
Stemphylium consortiale | 1, 0.25* 
Saccharomyces cerevisiae | 2, 1* 





* Partial inhibition. 


centration of the reduction product, it was necessary to use 10 per cent 
ethanol as solvent. Assays were carried out as previously described (16, 
17). The activity ((2) see Foot-note 1) of biformin against a number of 
bacteria and fungi is given in Table I.* 


Neither the alkali conversion product nor the reduction product showed | 


activity against any of the bacteria at a concentration of less than 250 7 
per ml., or against any of the fungi at 125 y per ml., the highest concentra- 
tion used. 

Reduction Products of Nemotin and Nemotin A 


The waxy reduction products of nemotin and nemotin A (13) were puti- 
fied for analysis by repeated micro distillation (in a sublimation vessel). 


6 The microbioassays were performed by Miss Alice Hesse. 
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The values (in per cent) obtained for both products were in agreement with 
a molecular formula of C;,;H2.O», containing one carboxyl group; found (for 
nemotin reduction product), mol. wt. 197, C 71.05, H 11.66; found (for 
nemotin A reduction product), mol. wt. 189, C 71.04, H 11.88, O 17.07, 
neutralization equivalent, 186; calculated for C.H22O02 with one carboxyl 
group (mol. wt. 186), C 70.92, H 11.90, O 17.18, neutralization equivalent, 
186. 

The p-toluidides of the reduction products melted at 78-79.5° and 78- 
79°, respectively, and showed no melting point depression when mixed with 
each other or with an authentic sample of undecanoic acid toluidide melting 
at 80°. The p-toluidide of the nemotin reduction product gave the follow- 
ing analytical values: found, C 78.74, H 10.34, N 5.18; calculated for 
CyHaNO (275.42), C 78.49, H 10.61, N 5.09 per cent. 


DISCUSSION 


The group of polyacetylenes isolated from natural sources now includes 
an unbroken series of compounds, Cx to C3: Agrocybin (18) has an 8-carbon 
chain (19) as has a polyacetylene isolated from C. diatreta (11); biformin 
has 9 carbons; the lachnophyilum and matricaria compounds are esters of 
10-carbon acids (8-10); nemotin has an 11-carbon chain; two new poly- 
acetylenes isolated by Sérensen from species of Coreopsis have a 12- and 
13-carbon chain, respectively (20),’? and mycomycin has a 13-carbon chain 
(14). 

Other polyacetylenes isolated from natural sources include oenantho- 
toxin and cicutoxin, C;; compounds (21), erythrogenic acid, a Cig com- 
pound (22), and two compounds containing a benzene ring attached to a 
7- and an 11-carbon polyacetylene chain, respectively (20).’ 

The functional groupings demonstrated so far in naturally occurring 
polyacetylenes include carboxyl (11, 22) and amide (11, 19), diol ((21) and 
biformin), ester (8-10), alcohol acetate (20)? and carbonyl (23). Hydro- 
carbon polyacetylenes also have been isolated (20).” 

The occurrence of a series of polyacetylenes of varied types, in both 
higher plants and in fungi, and the biological specificity of the compounds, 
suggest that metabolic studies with this group may be rewarding. 


SUMMARY 


Biformin, one of the antibiotic principles in culture liquids of the Basidi- 
omycete, Polyporus biformis, has been characterized as a polyacetylene, 
and its reduction product as a 9-carbon glycol. Biformin is believed to 
be a 9-carbon glycol containing two ethylenic and two acetylenic bonds 


™ Personal communication from N. A. Sérensen. 
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in conjugation. The positions of the bonds and of the hydroxyl groups 
have not yet been determined. 


The alkali-induced spectral changes which occur with biformin are com. 
pared to those of certain other naturally occurring polyacetylenes, and the 
differences are pointed out. 
The antibacterial and antifungal activity of biformin against a number 
of organisms is reported. po 
The reduction products of nemotin and nemotin A have been identified ‘ I 
as undecanoic acid. 
The natural occurrence of a fairly extensive series of polyacetylenes is 
discussed. Sey 
r . ; ' ; Lipo- 
The authors wish to thank Dr. Julian Wolff for the preparation of Fig. 1. not B 
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EFFECTS OF AN ADRENOCORTICAL EXTRACT ON TISSUE 
| COMm- GLYCOLYSIS IN VITRO* 
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By ZELMA MILLER 
umber WITH THE TECHNICAL ASSISTANCE OF Nancy McIntTosuH 
: (From the Children’s Cancer Research Foundation, Children’s Medical Center, and the 
itified Department of Pathology, Harvard Medical School, Boston, Massachusetts) 
nes is (Received for publication, September 4, 1953) 
Several investigators have reported that a commercial adrenal extract, 
Ee Lipo-Adrenal Cortex,' possesses marked lymphocytolytic action in vitro 
‘Ig-1. | tot manifested by other preparations (1-3). In the hope of correlating 
this finding with a change in some specific metabolic function, we have in- 
2a vestigated the influence of this preparation on tissue metabolism in vitro. 
a ii 


The results obtained indicate that L. A. C. produces a marked increase in 
aerobic glycolysis, and that this effect cannot be attributed to cortical 
(1935), | steroids oxygenated at carbon 11, which are known to be present. Cor- 
le,N., | relations of this phenomenon with lymphocytolytic response to L. A. C. 
are reported elsewhere (4). 


cs and 
Methods 
8, 595 . . e 
Tissue slices prepared in the conventional manner were suspended in 
Ringer-Krebs-phosphate buffer (5). Homogenates were made in the Pot- 
™ ter-Elvehjem glass homogenizer. 
). 


SR. Thymus lymphocytes were obtained by mincing the thymus gland from 
’ | a young rat in cold Ringer-Krebs-phosphate buffer in an ice bath. The 
suspension was then diluted to the desired volume and filtered through 
(1950). | several layers of gauze. 

0). Hexokinase and glycolysis in extracts of fresh rat brain or brain acetone 
powders were determined according to Ochoa (6) and Muntz and Hurwitz 
(7), and in rat muscle extract according to Colowick, Cori, and Slein (8); 
Proc. | adenosinetriphosphatase was studied by the method of DuBois and Potter 
(9), diphosphopyridine nucleotidase in brain homogenate according to Mc- 


6, 102) Twain and Rodnight (10), and aerobic phosphorylation according to Pot- 
ter (11). Respiration and glycolysis in fortified homogenates of thymus 
and brain were determined as described by Reiner (12). 

(1952). 


* Aided by a grant from the National Cancer Institute of the National Institutes 
of Health, United States Public Health Services, No. C-1691(c). 

A preliminary report of this work has appeared (Federation Proc., 12, 247 (1953)). 

‘For convenience, Lipo-Adrenal Cortex will be referred to in the text of this 
paper as L. A. C. 
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Dry weights of thymus lymphocyte suspensions in the Ringer-Krels 
medium were obtained by drying a representative sample and correcting 
for the salts present in the medium. The initial experiments were per. 
formed on thymus slices. However, loss of cells in the course of an ey. 
periment makes the dry weights somewhat unreliable. This source of 
error was eliminated by working with suspensions of thymus lymphocytes, 


After precipitation of proteins with CCl;COOH, lactic acid was deter. 
mined by the method of Miller and Muntz (13) as modified by Barker and | 


Summerson (14), and pyruvic acid according to Friedemann and Haugen 
(15). All aerobic glycolysis values are calculated from chemical estimation 
of lactic acid. 





Solutions of cortisone and hydrocortisone in Ringer-Krebs-phosphate | 


buffer were prepared by adding the crystalline material to the medium 
and autoclaving at 15 pounds pressure for 10 to 15 minutes. The calev. 
lated amount of phosphate buffer was added after cooling.2 Desoxycor. 
ticosterone was dissolved in a few drops of acetone; cottonseed oil was then 
added and the volatile solvent was removed by overnight incubation ina 
vacuum oven at room temperature. 

Most experiments reported here were performed with a commercial ad- 
renocortical extract, L. A. C., in cottonseed oil, which we obtained through 
the courtesy of Dr. H. F. Hailman of The Upjohn Company. In all cases, 
controls were set up containing the same volume of the cottonseed oil 
vehicle. We are indebted to Dr. Dalton Jenkins for samples of cortisone 
(free alcohol) (Merck), desoxycorticosterone, and crystalline zine insulin 
(Lilly), and to Dr. Oscar Hechter for a sample of crystalline hydrocortisone 
(free alcohol). 

Adenosinetriphosphate (ATP) (barium salt), diphosphopyridine nucleo- 
tide (DPN), cytochrome c, and the phosphorylated sugars were all com- 
mercial preparations, obtained from either Sigma Chemical Company or 
the Schwarz Laboratories, Inc.” 


Results 


Effect on Respiration and Glycolysis of Whole Cells—The addition of 
L. A. C. to a suspension of normal lymphocytes from thymus produces an 
inhibition of the oxygen uptake and the anaerobic glycolysis. At the time 
of the 60 minute reading in a typical experiment, the oxygen uptake is 
inhibited 21 per cent by 0.05 ml. of L. A. C. in a total volume of 1.5 nl. 
and the anaerobic glycolysis 25 per cent. 

On the other hand, aerobic glycolysis is stimulated to a marked degree 
by L. A. C. Table I shows that as little as 0.025 ml. of L. A. C. can in- 


2 I am indebted to Dr. Oscar Hechter for suggesting this method as one whieh 
permits solubility without loss of activity. 
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crease the aerobic glycolysis of thymus lymphocytes 100 per cent without 
inhibiting the respiration to a significant degree. Additional L. A. C. does 


TaBLE I 
Effect of L. A. C. on Respiration and Glycolysis of Rat Thymus Slices 
Ringer-Krebs-phosphate buffer, 0.2 m glucose; 1 hour at 37°, total volume 1.5 
nl. 

















P Respiration, Qos | Aerobic glycolysis, ont 
bes ay ar é ; No. of experiments 
Cc. O. [ £ae. c.a. LAC. 
mil. 
0.025 10.0 9.5 1.8 3.2 2 
0.05 11.6 10.1 1.5 3.1 3 
0.1 9.9 7.8 2.5 4.9 3 
0.2 9.8 4.9 2.1 4.0 | 2 











* Cottonseed oil control. 
t Microliters of CO, equivalent to lactic acid per mg. of dry weight per hour. 





THYMUS 
BRAIN 

KIDNEY 

LIVER 
DIAPHRAGM 
LYMPH NODES 
SPLEEN 
TESTIS 
SARCOMA 180 


LACTIC ACID 
Micrograms/mg/hour 











Fig. 1. Influence of L. A. C. on aerobic glycolysis of tissue slices. Ringer-Krebs- 
phosphate buffer, 1 hour at 37°. L. A. C. is present at a concentration of 0.1 ml. in 


My ml. The solid black areas represent cottonseed oil controls, the striated areas 
. A.C. 


not further stimulate aerobic glycolysis significantly. However, respira- 
tion is inhibited at higher concentrations of L. A. C., indicating that these 
may be separable phenomena. 

Increased aerobic glycolysis after treatment with L. A. C. is not re- 
stricted to thymus lymphocytes. Fig. 1 shows that aerobic lactic acid 
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formation by slices or whole cell preparations of many normal tissues jg 
stimulated by L. A. C. at a concentration of 0.1 ml. in 3 ml. The mog 
marked effects are observed with thymus, brain, and kidney; liver, dig. 
phragm, lymph nodes, and spleen are stimulated to a smaller extent. The 
aerobic glycolysis of testis was actually inhibited in three of four experi. 
ments. The glycolysis of mouse sarcoma 180 (and of mouse sarcoma 37) 
is not affected. 

Thymus cells from older rats were sometimes less sensitive to L. A. C. 
than cells from younger ones. This is not a consistent finding. 

L. A. C. is standardized to contain the equivalent of 1 mg. of hydro. 
cortisone per ml., according to the glycogen deposition test. The variabjl- 


TABLE II 


Aerobic Glycolysis and Respiration of Rat Thymus Cells; Effect of L. A. C., 
Cortisone, Hydrocortisone, and Desoxycorticosterone 


Ringer-Krebs-phosphate buffer, 0.2 m glucose; 1 hour at 37°. 


























Experiment | Addition in 1.5 ml. | of? Qos 
NN ics oresaca cA Mee | 0.025 ml. 1.5 | 5.8 
8 8 GR SS ee eee oem | 0.025 * a1 i oe 
SET Se 28 COR ou ges tig, RM Rea Sich pon a ot eae 1.6 5.3 
EERE See: oe 400 2.0 4.0 
gis pe et eee tr ete ee 800 ‘‘ | 3.2 2.5 
NNER oi icc Soticdn-e pristine rnc e-eieiiton van = ccaren 800 ‘ 1.9 2.3 
AGS. ES Ss ee Ne a a EI Ee | 2.2 
Desoxycorticosterone........ 2... . cee cceceaces 1 mg. tf 4% | 








ity occasionally observed with different lots of this material suggested 
that some component or components other than cortisone or hydrocorti- 
sone may be responsible for the stimulation of aerobic glycolysis. This is 
confirmed by the data in Table II which indicate that 0.025 ml. of L. A.C. 
in 1.5 ml., the equivalent of only 25 y of hydrocortisone, increases thymus 
aerobic glycolysis from 1.5 to 3.1 with only a slight effect on respiration. 
To produce an equivalent stimulation of aerobic glycolysis, 800 y of cor- 
tisone are required, but neither 800 y of cortisone nor 1 mg. of hydro- 
corticosterone in 1.5 ml. has any significant effect on glycolysis. Both 
hydrocortisone and cortisone inhibit respiration at these concentrations. 

Effect on Enzymes and Homogenates—Intact thymus lymphocytes, incu- 
bated in Ringer-Krebs bicarbonate buffer, liberate inorganic phosphate 
from ATP, and this is not significantly influenced by L. A. C. Lactic acid 
formation from glucose by an extract of rat brain acetone powder is in- 
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hibited approximately 20 per cent by 0.1 ml. of L. A. C. in a total volume 
of 1 ml. However, 0.1 ml. of L. A. C. has little or no effect on the activ- 
ity of hexokinase from either rat brain acetone powder or muscle, on 
adenosinetriphosphate splitting by rat thymus or brain homogenate, on 
diphosphopyridine nucleotidase in guinea pig brain homogenates, nor on 
aerobic phosphorylation by rat kidney homogenate. 

It has also been observed that in fortified cell-free homogenates of both 
thymus and brain, unlike intact cells and slices, aerobic glycolysis is not 
increased by L. A. C. The experiments with homogenate were performed 
with glucose plus fructose diphosphate or with fructose diphosphate alone 
as substrate (12). The effect of L. A. C. on glycolysis of fructose diphos- 
phate by intact thymus cells has therefore been studied. 

















TaBLe III 
Glycolysis of Phosphorylated Sugars by Intact Thymus Cells 
Substrate Concentration of 0° Litt. of 2 

— iz M 
etc a p5arG's ¢ su SN Manoa e as wa 0.4 5 
I ics te he Se lie died watelh wee ea vie 0.02 2.0 10 
Fructose-1 ,6-diphosphate...................... | 0.005 5.8 4 
Fructose-6-phosphate......................005. 0.02 0.8 4 
NN 6 5.5.5.5 overnite nb sade carsales 0.02 0.3 2 

2 





ee 669g Sin Gia 5 SE Sey gle Gooae eke 0.02 0.8 





Glycolysis of Fructose Diphosphate by Thymus Cells—Table III indicates 
that intact thymus cells can form lactic acid from fructose-1 ,6-diphosphate 
but not from fructose-6-phosphate, glucose-1-phosphate, or fructose. The 
effect of fructose-1 ,6-diphosphate is manifested at a concentration as low 
as 0.001 m. Furthermore, it is probably not attributable to an alteration 
in the cell membrane, for there is no change in the permeability of the 
cells to safranine.? 

L. A. C. does not appear to stimulate lactic acid formation from fructose 
diphosphate. Thus, in Table IV, Experiment 1, the increment produced 
in glycolysis by L. A. C. with glucose as the substrate is 1.9, and only 0.4 
with hexose diphosphate. Similarly, in Experiment 2, the increment with 
glucose is 1.7, and with hexose diphosphate 1.0 or 0.8, essentially the same 
as the increment from endogenous substrate. 

Influence of Osmolarity of Medium—The glycolysis of whole cell prepara- 
tions of certain tissues, especially brain cortex, is known to be extremely 
sensitive to variations in the ionic environment (16-20). It has seemed 


* Unpublished experiments, Z. Miller. 
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to us important to determine whether thymus lymphocytes show a similar 
response and to ascertain whether a relationship exists between this and 
the stimulation by L. A. C. 


TaBLeE IV 


Effect of L. A. C. on Glycolysis of Glucose and Hexose Diphosphate by 
Intact Thymus Cells 














y 
A 
as Substrate Cpeepteete : een 
Cc. O. L. A. C. due to 
L. A.C. 
= es 
ag Glucose 0.02 2.2 4.1 1.9 
Fructose-1 ,6-diphosphate 0.02 4.5 4.9 0.4 
2 None 0.4 1.2 0.8 
Glucose 0.02 1.6 3.3 1.7 
Fructose-1 ,6-diphosphate 0.005 5.5 6.5 1.0 
sig 0.001 2.8 3.4 0.8 




















* Average of four experiments. 


TABLE V 
Effect of NaCl Concentration on Thymus Cell Aerobic Glycolysis 
Ringer-Krebs-phosphate buffer, 0.2 m glucose, 1 hour’at 37°. 





Concentration Aerobic glycolysis, of? 








m.eq. per lL. 
154 
310 
234 
194 


wan w 
oro om 


154 
80 
56 





ww rds 
oro 





Increasing K+ concentration of the medium 10-fold, decreasing Mg** 
to one-tenth or increasing it to 10 times its normal value, and omitting 
Ca++ or increasing it 4-fold do not affect the aerobic glycolysis of thymus 
lymphocytes. 

However, if the total osmolarity of the medium is markedly altered by 
varying the NaCl concentration, aerobic glycolysis is influenced to a con- 
siderable degree (Table V). Marked stimulation is also obtained with 
LiCl and NH,Cl as well as with mannitol and sucrose, when these are 
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ilar added to the Ringer-Krebs medium at a concentration of 140 or 280 milli- 


and osmoles per liter. KCl had little effect at the lower concentration, but was 
inhibitory at the higher. Urea was completely without effect at either 
concentration. 


Influence of Insulin—The increased aerobic glycolysis of thymus cells 
induced by L. A. C. cannot be prevented by the simultaneous addition of 
8 units of crystalline zinc insulin in vitro. 

Heat Stability of Active Principle in L. A. C.—The factor or factors 
nae which stimulate aerobic glycolysis are resistant to high temperature. 
nent Heating L. A. C. at 100 degrees for 75 minutes did not affect its activity. 
C Furthermore, the stimulation of glycolysis by L. A. C. cannot be attrib- 
uted to contamination by inorganic substances, for the residue after igni- 
tion of an alcoholic extract of L. A. C. is completely without activity. 


DISCUSSION 


The experiments reported here indicate that an extract of the adrenal 
cortex possesses a substance or substances capable of stimulating in vitro 
lat the aerobic glycolysis of thymus lymphocytes and certain other tissues. 
This stimulation cannot be accounted for by cortisone, hydrocortisone, or 
desoxycorticosterone, for these substances are effective, if at all, only at 
concentrations considerably higher than are present in the extract. Frac- 
tiation studies also indicate that the glycolytic activity is found in 
relatively non-polar fractions which do not contain cortisone or hydro- 
cortisone.‘ 

— The increased aerobic glycolysis can be produced by concentrations of 
L. A. C. which do not influence respiration significantly. Higher concen- 
trations of L. A. C., as well as cortisone and hydrocortisone, do inhibit 
respiration. Kit and Barron (21) have also observed inhibition of rat 
thymus respiration by hydrocortisone. On the other hand, Roberts and 
White (22) found no change in the respiration of rat lymphoid tissue after 
treatment in vivo with an aqueous adrenocortical extract (A. C. E.) or 
adrenocorticotropin and found a slight inhibition following adrenalectomy. 
aie Neither procedure influenced the aerobic glycolysis of mesenteric lymph 
nodes. We have found that axillary and mesenteric lymph nodes are 
[git considerably less sensitive to L. A. C. in vitro than thymus lymphocytes. 


ting Stimulation of glycolysis by L. A. C. appears to require an intact cell 
mus structure. No effect could be demonstrated with homogenates, and slight 


inhibition of cell-free, glycolyzing extracts has been observed. However, 
the failure of L. A. C. to influence the activity of enzyme systems studied 
con- in cell-free preparations does not preclude the possibility that these systems 
with may be altered when L. A. C. is added to the whole cell. Thus, Sutherland 


‘Unpublished experiments, O. Hechter and Z. Miller. 
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and Cori reported that, although the hyperglycemic factor from insulin 
has no effect on cell-free preparations of phosphorylase, it does stimulate 
phosphorylase in the liver slices (23). 

Our experiments with thymus lymphocytes indicate that L. A. C. stimu. 
lates lactic acid formation from glucose but not from fructose diphosphate, 
This suggests that (1), in the thymus lymphocytes as in other tissues (24, 
25), the rate of formation of fructose diphosphate is a limiting step and 
that (2) L. A. C. stimulates glycolysis by increasing the rate of formation 
of fructose diphosphate. This might result if the permeability to glucose 
is increased or if some enzyme which is involved in the formation of fruc- 
tose diphosphate is stimulated. 

The stimulation of glycolysis by L. A. C. as well as by solutions of high 
osmolarity may conceivably be referable to a relative dehydration of the 
cell, and a concomitant increase in K+ or NH,4* concentration (26, 27). 
It is of interest to note that Muntz and Hurwitz (7) have observed that 
both K* and NH, increase the glycolysis of an extract of rat brain acetone 
powder. This effect has been attributed to stimulation of phosphofructo- 
kinase (28, 29). 


SUMMARY 


1. The addition of Lipo-Adrenal Cortex in vitro increases the aerobic 
glycolysis of thymus lymphocytes and of slices of brain, kidney, liver, and 
other tissues at concentrations which have no influence on respiration. 

2. The effects observed cannot be attributed to cortisone, hydrocorti- 
sone, or desoxycorticosterone, and the activity is not affected by insulin. 

3. An intact cell is required for this effect. The glycolysis of brain and 
thymus homogenates is not stimulated. Glycolysis by an extract of rat 

‘brain acetone powder is slightly inhibited. Hexokinase, ATPase, and 
DPNase in cell-free preparations are affected little, if at all. 

4. Fructose diphosphate is glycolyzed more rapidly than glucose by 
intact thymus lymphocytes. This glycolysis is not stimulated by Lipo- 
Adrenal Cortex. 

5. Glycolysis of thymus lymphocytes is also increased in a high osmolar 
environment. 
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THE SYNTHESIS AND DEGRADATION OF CITRIC 
ACID BY VENTRAL PROSTATE TISSUE 


I. ENZYMATIC MECHANISMS* 


By H. G. WILLIAMS-ASHMAN{# anv J. BANKS 
(Ben May Laboratory for Cancer Research, University of Chicago, Chicago, Illinois) 


(Received for publication, October 19, 1953) 


Large amounts of citric acid are present in certain secondary sexual or- 
gans of the adult male rat, notably the ventral prostate gland. The ele- 
gant investigations of Mann and his collaborators (1-3) have established 
that citrate accumulation in this tissue is clearly controlled by androgenic 
hormones, a conclusion which is particularly well illustrated by the finding 
of high concentrations of citric acid in the prostate glands of female animals 
to which androgens have been administered (4). Nyden and Williams- 
Ashman (5) have shown that the respiration-coupled synthesis of long 
chain fatty acids from acetate-1-C™ by ventral prostate slices is extremely 
sensitive to androgens; the process is severely impaired soon after orchiec- 
tomy and can be restored to normal by the administration of testosterone 
propionate. The fact that lipogenesis from acetate and also citric acid 
synthesis involve the common intermediate acetyl CoA! (6-8) and are both 
profoundly influenced by androgenic hormones in the ventral prostate sug- 
gested a detailed analysis of citric acid formation and degradation in this 
tissue. 

Barron and Huggins (9) found that slices of human and canine prostate 
will synthesize citrate from added pyruvate and fumarate. The fact that 
added citrate was barely utilized by such preparations led them and others 
(10) to believe that the tricarboxylic acid cycle was absent from this tissue. 
From a study of the rate of entry of C" into citrate and succinate in ventral 
prostate slices respiring in the presence of acetate-1-C™, Rudolph and 
Starnes (11) have concluded that succinate may be formed from acetate 
in this tissue by a pathway which does not involve the intermediate forma- 


* This investigation was supported by grants from the American Cancer Society 
upon recommendation of the Committee on Growth of the National Rese arch Coun- 
cil, and the Jane Coffin Childs Memorial Fund for Medical Research. 

t Scholar in Cancer Research of the American Cancer Society. 

' The following abbreviations are employed: DPN+ = diphosphopyridine nucleo- 
tide, TPN+ = triphosphopyridine nucleotide, DPNH = dihydrodiphosphopyridine 
nucleotide, CoA = coenzyme A, Tris = tris(hydroxymethyl)aminomethane, ATP = 


adenosinetriphosphate, DPT = diphosphothiamine, and FAD = flavine-adenine 
dinucleotide. 


337 








338 CITRIC ACID IN VENTRAL PROSTATE. I 


tion of citrate. However, the following tricarboxylic acid cycle enzymes 
are present in the ventral prostate in amounts which fall within the range 
shown by other rat tissues: succinic oxidase and cytochrome oxidase (12) 
and fumarase, aconitase, malic dehydrogenase, and isocitric dehydrogenase 
(13). Moreover, studies on the influence of 2 ,4-dinitrophenol on respira. 
tion-coupled synthetic reactions in ventral prostate slices (5) suggest the 
occurrence of oxidative phosphorylations in this tissue. 

We shall demonstrate in this paper that (a) ventral prostate tissue con- 
tains an active citrate-condensing enzyme catalyzing the formation of 
citric acid from acetyl CoA and oxalacetate, that (b) acetyl CoA can be 
readily generated in this tissue either from ATP and acetate or by the 
oxidation of pyruvate, and that (c) washed residues from ventral prostate 
will oxidize citrate and a-ketoglutarate, provided that they are suitably 
fortified with nucleotide coenzymes, at rates fully compatible with the op- 
eration of the tricarboxylic acid cycle. The marked requirement of freshly 
prepared prostate residues for coenzyme fortification has enabled the prop- 
erties of the pyruvic oxidase system to be documented in considerable 
detail. 


Methods 


Washed residues were prepared by homogenizing iced tissue, freed of fat 
and connective tissue, with 5 to 6 volumes of 0.15 m KCl-0.02 m so- 
dium phosphate, pH 7.4, in an all-glass apparatus at 0°, and centrifuging 
the homogenate at 2500 X g for 15 minutes at 0°. The supernatant fluid 
was removed and the residue washed with 5 volumes of the medium. The 
final suspension was such that 1 cc. was equivalent to approximately 0.4 
gm. of fresh tissue. 

Citric acid was determined either by a modification of the method of 
Speck, Moulder, and Evans (14) or by the method of Weil-Malherbe and 
Bone (15). Oxygen uptakes were measured with conventional Warburg 
flasks, and 0.2 cc. of 10 per cent KOH and filter paper were placed in the 
center well. Spectrophotometric measurements were made with a Beck- 
man model DU spectrophotometer with quartz cells of 1 em. light path. 
Protein concentrations in acetone powder extracts were estimated spectro- 
photometrically (16) and nitrogen was determined by the Kjeldahl tech- 
nique. DPN+, TPN+, and FAD were determined with the aid of alcohol 
dehydrogenase (17), glucose-6-phosphate dehydrogenase (18), and p-amino 
acid oxidase (19), respectively. Inorganic phosphate was determined ac- 
cording to Gomori (20). 

DPN+ was purified from various commercial preparations by ion ex- 
change chromatography, the purity of the samples used ranging from 0.82 
to 0.90. All the specimens were free of TPN+. FAD and TPN+ were ob- 
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tained from the Sigma Chemical Company, the purity being approximately 
0.016 and 0.8, respectively. CoA of approximately 0.7 purity and K,ATP 
and Na,ATP were purchased from the Pabst Laboratories. Oxalacetic 
acid of purity greater than 0.9, as determined by decarboxylation with 
aluminum sulfate (21), was obtained from the H. M. Chemical Company, 
Ltd., Los Angeles, California. DPT and cytochrome ¢ were obtained 
from the Schwarz Laboratories and the Sigma Chemical Company, respec- 
tively. pL-Malic acid was a recrystallized specimen obtained from Dr. M. 
Friedkin. a-Ketoglutaric acid (m.p. 114°) and transaconitic acid (m.p. 
198°) were recrystallized from glacial acetic acid. DPNH was prepared by 
reduction of DPN* either by hydrosulfite (22) or by ethanol and crystalline 
alcohol dehydrogenase, according to an unpublished procedure of Loewus 


TABLE [ 
Citrate Synthesis from ATP, Acetate, and Oxalacetate 





| 





System Citrate formed 
ta ci caeichcca ean Aestlasaiomecaeainee — ecm diate 
EE tr nicks elves skus Cie hikne ceee wa swinwens | 1.53 
hg aie aes dl eo Udy dt a neal ova te wana aed 0 

" EA = Sim acy Sachs sini aia ad ces, & malted eo atetandd 0 
Soe, oe sc ashe aittains Lok Veta kak 0 
Testosterone added, 0.28 pM.................cc cece eee eee 1.53 





Each tube contained 100 um of Tris, pH 7.5, 20 um of MgClo, 30 um of K acetate, 
30 um of K oxalacetate, 1 um of CoA, 20 um of K ATP, 30 um of cysteine, and 1.5 ce. 
of enzyme (39 mg. of protein in 0.02 m KHCO;) in a final volume of 2.8cc. 120 min- 
utes incubation at 28°. 





and Vennesland. In the latter method the product was isolated as the 
Tris salt. Acetyl CoA was prepared according to Wilson (23). 
Other methods are described elsewhere (5, 13). 


Results 


Formation of Citrate from Acetyl CoA and Oxalacetate—Extracts of pros- 
tate acetone powders contain both the citrate-condensing enzyme (24) and 
the acetate-activating enzyme (25, 26). A typical experiment demonstrat- 
ing the synthesis of citrate from acetate, ATP, and oxalacetate is summar- 
ized in Table I, which shows that the reaction is strictly CoA-dependent. 
The amount of citrate formed under these conditions is probably limited 
by the concentration of ATP available during the course of the reaction. 
Such extracts dephosphorylate ATP very rapidly and this dephosphoryla- 
tion is only partially suppressed by 0.02 m KF, which does not increase the 
yield of citric acid. Hardly any citrate was formed by reaction mixtures 
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identical with that depicted in Table I, except that all the substrates were 
added as the corresponding sodium salts, which suggests that the inhibitory 
influence of sodium ions on the acetate-activating enzyme described by 
Von Korff (27) for pig heart also occurs in the ventral prostate. 

The presence of the citrate-condensing enzyme was also demonstrated 
spectrophotometrically. DDPNH was virtually stable in the presence of 
these extracts in a system containing 0.033 m glycylglycine, pH 7.4, 0.01 » 
cysteine, and 0.006 m MgCl», and was not oxidized when citrate was added, 
However, the addition of citrate (0.02 m) and relatively large amounts of 
CoA (2 uM per 3 cc. of reaction mixture) led to a rapid oxidation of DPNH 
as measured by decrease in light absorption at 340 my (28). The oxalace- 
tate formed by the action of condensing enzyme was rapidly reduced to 
malate by the powerful malic dehydrogenase present in these extracts (13). 
The addition of CoA in the absence of citrate did not result in oxidation of 
the DPNH. 

The activity of the citrate-condensing enzyme in acetone powder ex- 
tracts was determined with chemically prepared acetyl CoA as the acetyl 
donor. In a reaction mixture containing 0.023 m phosphate buffer, pH 
7.4, 0.0045 m MgCls, 0.014 m K oxalacetate, and 0.001 m acetyl CoA ina 
final volume of 2.2 cc., 0.12 um of citrate was formed in 10 minutes at 27° 
per mg. of protein under conditions by which citrate formation (corrected 
for zero time control values) was roughly proportional to the amount of 
protein added and to the time of incubation. The activity of the enzyme 
is thus in the upper range recorded for rat tissues by Ochoa et al. (24). 

Pyruvate Oxidation and Citrate Formation by Washed Residwes—Pyruvate 
was barely oxidized by washed residues in a reaction medium fortified with 
ATP, DPN*+, CoA, and Mg* ions and inorganic phosphate. The further 
addition of malate, however, led to a marked and persistent rate of oxygen 
uptake and considerable accumulation of citrate. Malate alone was rather 
poorly oxidized. A study of the cofactor requirement for the oxidation of 
pyruvate plus malate is summarized in Table II. Both oxygen consump- 
tion and citrate formation were dependent upon the addition of CoA and 
DPN*. This suggests that the formation of citrate from pyruvate oc- 
curred by a mechanism proposed for pyruvate oxidation in certain bacteria 
and in pig heart by Korkes et al. (29). 


Pyruvate + DPN+ + CoA — acetyl CoA + CO: + DPNH + Ht (a) 

Acetyl CoA + oxalacetate + H:O — citrate + CoA (b) 

The possible involvement of a-lipoic acid or one of its conjugates (30) in 
Reaction a was not determined. The concentrations of DPN*+ and CoA 
required for maximal rates of oxygen uptake and citrate formation were 


found to be 0.0015 m and 0.0002 M, respectively. The relatively high con- 
centrations of DPN+ necessary for maximal activity suggest that these 
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preparations are capable of destroying DPN* at a high rate. TPN* could 
substitute for DPN* to some extent, but the possibility of conversion of 
TPN+ to DPN* by these residues was not excluded. Neither oxygen up- 
take nor citrate formation from pyruvate and malate was affected by DPT. 
The possibility of acetoacetate formation under these conditions was ex- 
amined by the method of Barkulis and Lehninger (31), but none was found 
toaccumulate. Under conditions by which pyruvate was readily oxidized 
with malate as cosubstrate, acetate (0.01 m) was inert. 

Oxalacetate was poorly oxidized by these fortified preparations, yet gave 
rise to considerable citrate formation. Pyruvate plus oxalacetate con- 























TaBLeE IT 
Cofactor Requirement for Pyruvate Oxidation 
4 Os A citrate 
System | —w Saaeen s 
Experiment 1 | Experiment 2 | Experiment 1 | Experiment 2 
—— a — ————— 
| 
DE icc a cawvddeess Svaineerwe 4.1 3.4 | 2.5 | 1.6 
ere 2.9 | 1.7 1.0 0.5 
css puddhen as? eo oh ey | 0 
Fee MNO soci es ceeeceas 0.8 | 0.1 
le errs 0.4 | 0.4 
Ee ee eee 3.0 | 1.6 








All the values are given in micromoles. Each vessel contained 50 um of diglycine, 
pH 7.4, 20 um of MgCle, 0.03 um of cytochrome c, 150 um of KCl, 20 um of sodium 
phosphate, pH 7.4, 8 um of ATP, 40 um of sodium pyruvate, 15 um of sodium pL- 
malate, and 0.4 um of DPT. The following additions in micromoles were made in 
Experiments 1 and 2, respectively: DPN*, 1.4, 6.0; CoA, 1.0, 2.2. Temperature and 
total volumes, Experiment 1, 37°, 2.1 cc.; Experiment 2, 30°, 3.0 ce. Enzyme nitro- 
gen, Experiment 1, 3.36 mg.; Experiment 2, 2.63 mg. Incubation time, Experiment 
1,40 minutes; Experiment 2, 60 minutes. 


sumed less oxygen but formed more citrate than a mixture of pyruvate and 
malate. An experiment showing the variation of these activities with time 
is depicted in Fig. 1. The extremely low rate of oxygen uptake with oxal- 
acetate as cosubstrate suggests the operation of the following dismutation, 
despite the presence of oxygen. 


Pyruvate + 2 oxalacetate — citrate + CO. + malate (c) 


The fact that the lactic dehydrogenase activity of ventral prostate tissue 
is rather feeble (14) and that washed residues were used in these experi- 
ments makes it improbable that another possible dismutation would take 


place. 
2 pyruvate + oxalacetate — citrate + COs + lactate (d) 


If ferricyanide was substituted for molecular oxygen as terminal electron 
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acceptor, the cofactor requirement for pyruvate oxidation was quite dif- ye 
ferent from that observed with oxygen present. Table III shows that in divid 
this anaerobic system a clear requirement for DPT is manifest, whereas factor 
tral f 
PYRUVATE + MALATE capal 
4, Oo 
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Fig. 1. Oxidation of pyruvate with either malate or oxalacetate as cosubstrates, _ 
and concomitant citrate formation. Each vessel contained 20 um of MgCls, 5 uM 0.03 
of DPN*, 50 uM of Tris, pH 7.4, 0.4 um of DPT, 1 um of CoA, 40 um of K pyruvate, afin 
0.03 um of cytochrome c, 8 um of Na,ATP, and enzyme equivalent to 2.85 mg. of N as 
in a final volume of 3.1 cc. Gas phase, air; temperature, 30°. 5 minutes temperature x 
equilibration, after which vessels were removed for zero time citrate values. 30 uM 
of Na pi-malate or Na oxalacetate were added as cosubstrates. syst 

DP’ 


DPN* and CoA failed to affect the activity. This situation is reminiscent hibi 
of that described for certain bacterial (30) and mammalian (32) pyruvic 
oxidase systems. 

Oxidation of Citrate and a-Ketoglutarate by Washed Residues—Table IV 
shows that added citrate was readily oxidized by these washed residues, 1 
provided that they were fortified with coenzymes. In a virtually similar 
test system, a-ketoglutarate (0.013 m) was oxidized at approximately 50 
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per cent of the rate of citrate. An examination of the effect of various in- 
dividual cofactors showed that DPN* or TPN+ was the only obligatory 
factor for citrate oxidation. Although the oxidation of isocitrate by ven- 
tral prostate is TPN*-linked (14), DPN+ preparations free of TPN*+ were 
capable of permitting high rates of citrate oxidation. However, since the 


TaBLe III 
Pyruvate Oxidation with Ferricyanide As Electron Acceptor 








Additions CO:2 output due to pyruvate, um 
ER .e x ike'e's, 5:5: 5 ka aig pe WA RSD Hee RS EWE Ooo dares ck 2.34 
SAAT aE I ana ae ee ee 2.70 
I thsi is ale sis angle! onses ub aathmadecuan 4.09 
Mr A A 65, scncaiw kc Ria ie iaia’aein v's om aisioans 3.95 
| i Ti ae A Ll 3.84 


Each vessel contained 20 um of MgCle, 40 um of K pyruvate, 50 um of K ferricya- 
nide, 50 um of NaHCO;, and enzyme equivalent to 2.23 mg. of N suspended in 1 ce. 
of 0.15 m KC1-0.02 m NaHCO;. Total volume, 2.0 cc. Gas phase, 95 per cent N2-5 
per cent CO.; 15 minutes temperature equilibration at 30° before first manometric 
reading. The values recorded were corrected for CO2 evolution in the absence of 
pyruvate; 40 minutes incubation. 


























TABLE IV 
Citrate Oxidation 
. Oxygen consumed, um 
Citrate added, wu | Coenzyme mix ali 
0-30 min. 30-60 min. 60-90 min. 
0 _ 0 0 0.13 
0 + 0.47 0.36 0.41 
30 - 0 0 0.12 
30 + 3.75 3.40 2.94 














Each bottle contained 20 um of MgCls, 50 uM of diglycine, pH 7.4, 8 um of ATP, 
0.03 um of cytochrome c, 150 um of KCl, and 20 um of sodium phosphate, pH 7.4, in 


4 final volume of 3.0 cc. Incubated in air at 30°; enzyme added equivalent to 3.05 
mg. of N. 


*5 um of DPN*, 1 um of TPN*, 1 um of CoA, 1 um of DPT, 0.01 um of FAD. 


system contained ATP, the possibility exists that TPN*+ was formed from 
DPN* in these experiments. The oxidation of citrate (0.02 m) was in- 
hibited 73 per cent by an equimolar concentration of transaconitate, a sub- 
stance known to be a powerful inhibitor of aconitase (33). 


SUMMARY 


1. The activity of the condensing enzyme which catalyzes the formation 
of citrate from acetyl CoA and oxalacetate has been determined in the 
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ventral prostate gland. Acetyl CoA can be synthesized by this tissue from 
either ATP and acetate or by the oxidation of pyruvate. 

2. The pyruvic oxidase of washed residues from ventral prostate ex. 
hibits a marked requirement for DPN+ and CoA. Factors affecting the 
oxidation of pyruvate and concomitant citrate formation with either malate 
or oxalacetate as cosubstrate are described. 

3. Citrate and a-ketoglutarate are readily oxidized by ventral prostate 
residues, provided that they are supplemented by pyridine nucleotides 
and CoA. 
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STUDIES ON THE FATTY ACID OXIDIZING SYSTEM OF 
ANIMAL TISSUES 


VII. THE 8-KETOACYL COENZYME A CLEAVAGE ENZYME 


By DEXTER S. GOLDMAN* 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, August 17, 1953) 


The final reaction in the process of 8 oxidation of fatty acids is the cleav- 
age of the 8-ketoacyl CoA’ by a molecule of CoA with formation of 1 mole- 
cule of acetyl CoA and an acyl CoA with 2 carbon atoms less than the 
parent B-ketoacyl CoA. 


(1) RCOCH:COSCoA + CoA = RCOSCoA + CH;CH:SCoA 


The first evidence of the presence of an enzyme which is concerned in the 
cleavage of 8-keto acids resulting in the formation of active acetate is 
to be found in the reports of Breusch (1, 2) and Stern and Ochoa (3, 4). 
The latter authors recognized the requirement for CoA in thissystem. The 
nature of the intermediates and the number of enzymes involved in the 
over-all reaction had yet to be elucidated. Stadtman et al. (5), in their 
demonstration that acetyl phosphate could be converted to acetoacetate 
in the presence of transacetylase, CoA, and a crude pigeon liver extract, 
provided evidence for the existence of an enzyme capable of condensing 2 
molecules of active acetate to form acetoacetate. In the light of present 
knowledge it would appear that the acetoacetate in these experiments 
arose from AcAcCoA by a process of deacylation. 

During the past year three independent groups have converged on the 
solution of the enzymatic mechanism of the 6-ketoacyl CoA cleavage proc- 
ess (Reaction 1). Reports from the laboratories of Lynen (6), Ochoa (7-9), 
and Green (10-13) have provided methods for the preparation and assay 
of the 8-ketoacyl CoA cleavage enzyme and established both the require- 
ment for CoA in the cleavage step and the intermediate réle of AcAcCoA. 
The conclusions of the three groups have been very similar despite some 


* Postdoctoral Trainee of the National Heart Institute of the National Institutes 
of Health. Present address, Research Division, United States Veterans Administra- 
tion Hospital, 2500 Overlook Terrace, Madison, Wisconsin. 

' The following abbreviations will be used: coenzyme A (CoA); diphosphopyridine 
nucleotide (DPN); reduced diphosphopyridine nucleotide (DPNH); acetyl CoA 
(AeCoA); acetoacetyl CoA (AcAcCoA); acetate (Ac~); enzyme (E); glutathione 
(GSH) ; 2-amino-2-methyl-1,3-propanediol (Diol). 
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differences in methods and sources of enzymes. The name ““B-ketothiolase” 
has been proposed by Lynen et al. (6) for the enzyme which we have re. 
ferred to as the 6-ketoacyl CoA cleavage enzyme (CE). 

The availability in isolated form of various a ,6-unsaturated, 8-OH.-, and 
8-ketoacyl CoAs has made possible an investigation of the cleavage step 
as either the single reaction or one coupled with other reactions leading 
to the formation of citrate. Crotonyl CoA has been the substrate of choice 
in these studies. The sequence of reactions by which crotonyl CoA js 
converted to citrate may be represented as follows: 


(2) Crotonyl CoA + H.0 = 1(+)-6-OH-butyryl CoA 

(3) 1(+)-8-OH-butyryl CoA + DPN+ = acetoacetyl CoA + DPNH + H+ 
(4) Acetoacetyl CoA + CoA = 2 acetyl CoA 

(5) 2 u-malate + 2DPN*+ = 2 oxalacetate + 2DPNH + 2H+ 


(6) 2 acetyl CoA + 2 oxalacetate — 2 citrate + 2CoA 





(7) Crotonyl CoA + 2 L-malate + 3DPNt+ + H.O0 > 
2 citrate + 3DPNH + 3Ht+ + CoA 


The present report describes the further purification of CE and discusses 
some aspects of the mechanism of the cleavage reaction.? 


Methods and Materials 


The preparation of the citrate-condensing enzyme (14) and malic dehy- 
drogenase (15) has been described. CoA (70 per cent pure) was prepared 
by the method of Beinert et al. (16). The author is indebted to Dr. Beinert, 
Dr. Stansly, and Dr. Wakil for generous supplies of AcCoA, 6-OH-cap- 
‘royl CoA, and 8-OH-octanoyl CoA. The 6-OH-acyl CoA dehydrogenase 
(17) was supplied by Dr. 8. J. Wakil. The 8-ketoacyl CoA was prepared 
from the B-OH-acyl CoA by the method of Beinert (18). 

Crotonic anhydride was prepared from sodium crotonate and crotony! 
chloride. Crotonyl CoA was prepared from crotonic anhydride and CoA 
by a method similar to that described by Simon and Shemin (19) for the 
preparation of succinyl CoA. 50 um of CoA were dissolved in 6 ml. of 
H.O and neutralized to pH 7.7 with KOH. The solution was buffered 
with 30 mg. of KHCO;, and 0.010 ml. (about 65 um) of crotonic anhydride 
was added. The solution was kept in an ice bath and shaken occasionally. 
As determined by the nitroprusside reaction (20), less than 10 per cent 
of the initial —SH remained after 12 minutes. The addition of acid- 
washed Dowex 50 stopped the reaction and removed excess potassium ions. 


2 A preliminary report of these data was presented at the Forty-fourth annual 
meeting of the American Society of Biological Chemists at Chicago, 1953 (13). 
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The mixture was stirred for 5 minutes at 0°, and after centrifugation the 
supernatant fluid was removed. The resin was washed twice with 2 ml. 
of distilled water, and the washings were added to the original super- 
natant solution. Any residual crotonic acid or anhydride was removed 
by lyophilization of the solution. 52 mg. of a tan powder were recovered. 
24 mg. of this powder contained 1.0 um of crotonyl CoA as determined by 
the hydroxamic acid reaction (21). 

Total protein was determined by the biuret method (22). 

Assay of CE—The rate of cleavage and of subsequent citrate formation 
(Reactions 2 to 6) can be conveniently followed by measuring the rate of 
DPNH formation (Reactions 3 and 5). The assay components are as 
follows: crotonyl CoA (0.10 um), L-malate (2.0 um), MgCl, (2.0 um), GSH 
(4.0 um), CoA (0.03 um), DPN (1.0 uo), t-histidine buffer of pH 7.7 (10 
um), citrate condensing enzyme (6 7), malic dehydrogenase (0.9 y), B-OH- 
acyl CoA dehydrogenase (10 y), and CE (0.1 to 1.5 y). The assay com- 
ponents are made up to 0.40 ml. with water in a small test-tube and in- 
cubated for 10 minutes at 30°. At the end of this period the reaction is 
stopped by the addition of 0.80 ml. of 0.5 m phosphate buffer (pH 7.8). 
Preparations of the 6-OH-acyl CoA dehydrogenase used in this assay 
contain the unsaturated acyl CoA hydrase (23) in excess. Reaction 3 
is thus never limiting. The molecular extinction coefficient of DPNH 
has been taken to be 6.22 & 10° cm.? X mole™ (24). 

An alternative assay for CE is based on the observation of Lynen et al. 
(6) that B-keto acylthioesters show a strong absorption band at 303 mu; 
this band is markedly increased by the presence of Mg** (8). Addition 
of CE to the buffered solution in the presence of excess CoA—SH leads 
to the disappearance of this band. The initial rate of decline of absorption 
may be used as a measure of enzyme activity. The molar extinction co- 
efficient for the B-keto-C,-, Ce-, and Cs-acyl CoA at pH 8.8 in the presence 
of 0.01 m MgCl, has been taken to be 2.2 X 10’ cm.? per mole of acyl CoA 
(18). 

Both assay systems described above yield equivalent values for the 
activity of CE when the activities are expressed as micromoles of substrate 
cleaved per unit time per mg. of enzyme. 


Purification of Enzyme 


Source of CE-—-CE activity has been demonstrated in a supernatant 
fluid prepared by homogenizing whole pig heart muscle in phosphate buffer, 
followed by removal of the particulate matter precipitating on acidification 
to pH 5.4 (25). Extracts of acetone-dried crude mitochondria of heart, 
liver, and kidney of rabbit and beef show specific activities 20 to 50 times 
greater than does the pig heart homogenate described above. 
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Extraction and Fractionation—The acetone powder of beef liver mito. volur 
chondria (26) is a satisfactory starting material for routine preparation of (Frac 
the enzyme. The powder is extracted for 1 hour with 10 volumes of 0,02 





M phosphate buffer (pH 7.8). The suspension is centrifuged for 45 minutes " 
at 4000 X g, and the residue is discarded. This centrifugation, as well | 
as all other centrifugations unless specifically noted, is carried out at 1-3°. | 

First Ammonium Sulfate Fractionation—The bright red supernatant fluid | 
(initial extract, Table I) is fractionated with ammonium sulfate by step- | Ex 


wise addition of the solid. The fraction precipitating between 50 and 60 phate 
per cent of saturation is retained (Fraction A). To minimize losses due | ~ 
to coprecipitation, the 50 per cent of saturation level is reached in two 
steps; fractions obtained at 0 to 40 and 40 to 50 per cent of saturation are 
precipitated, centrifuged, and discarded. 

First Alcohol Fractionation—Fraction A is dissolved in 0.02 m KHCO, | 
and dialyzed 6 to 8 hours against 30 to 50 volumes of 0.02 m KHCO,, | _ Ihitis 
The dialyzed material is next fractionated with ethyl alcohol. 95 percent | ( 
ethyl alcohol at —20° is added slowly to the vigorously stirred solution of Ra 
Fraction A. The temperature of the protein solution is initially about tio 

—1° and is gradually lowered during the addition of the alcohol until, 2nd ( 

at the end of the first alcohol addition, the temperature is approximately tio 

—15°. The temperature is lowered as quickly as possible, although it is = 

important to prevent freezing. Three fractions are removed. ‘The first 
(0 to 25 volumes per cent of ethanol) and second (25 to 32 volumes per cent *] 
of ethanol) fractions are discarded. The third fraction (32 to 48 volumes text. 
per cent of ethanol) is retained (Fraction B). Centrifugation of these 
fractions is carried out at —15° to — 18° for 10 minutes at 4000 X g. Frae- 
tion B is drained free of fluid and dissolved in 0.02 m KHCO;. Any in- C) 
‘ soluble protein is removed by centrifugation for 10 minutes at 15,000 X g. on t 
Further crops of active material may be obtained by storing the super- The 
natant fluid from Fraction B at —20° for several days. After about 4 T 
days, however, the residue which forms shows poor CE activity. Ac- | hyd 
cordingly, additional batches of Fraction B are removed only during the Sine 





first 3 days after fractionation. poss 

Second Ammonium Sulfate Fractionation—The pooled solutions of Frac- equi 
tion B are fractionated with alkaline ammonium sulfate (95 volumes of desc 
neutral, saturated ammonium sulfate solution plus 5 volumes of concen- cline 


trated NH,OH solution). The fractions obtained at 50 and 60 per cent mix 
of saturation of ammonium sulfate are discarded. The fraction obtained stra 
between the saturation limits of 60 and 80 per cent is retained and dissolved Cos 
in 0.02 m KHCO; (Fraction C). den: 

Second Alcohol Fractionation—Fraction C is dialyzed and refractionated rapi 
with ethyl alcohol as before. The fraction obtained between 0 and 25 T 
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volumes per cent of ethanol is dissolved in 0.02 m KHCO; and retained 
(Fraction D). The specific activity of this fraction is the highest attained 
thus far and is usually in the range of 130 to 180. A typical fractionation 
is shown in Table I. 


TaBLe I 
Isolation and Purification of CE 


Extracted 245 gm. of beef liver mitochondria acetone powder with 0.02 m phos- 
phate buffer. See the text for details. 





| 











Protein Enzyme units 
Fractionation step Total | 1 
ww" | Meee |eonnn (Beereimege| See |Seeee 
ml. | | 
Initial extract 2060 | 18 37,500 | 100 12 | 450,000 | 100 
ist (NH,)2SO, fraction-| 300 | 15 4,500 | 12 32 | 144,000] 32 
ation, Fraction A 
Ist ethanol fractiona- | 46 23 1,060 2.8 69 73,000 16 
tion, Fraction B 
dnd (NH4)2SO, frac- | 30 | 23 680 1.8 | 100 68,000 15 
tionation, Fraction C 
tnd ethanol fractiona- | 32 | 8.2 260 | 0.7} 150 | 39,000 9 
tion, Fraction D | 




















*Micromoles of DPNH formed per mg. of protein in 10 minutes at 30°. See the 
text. 


RESULTS AND DISCUSSION 


Characteristics of Assay for CE—The dependence of the reaction rate 
on the concentrations of enzyme and substrate is shown in Fig. 1, A and B. 
The reaction is linear with respect to time (Fig. 1, C). 

The assay system shows a complete requirement for 8B-OH-acyl CoA de- 
hydrogenase and for the components of the citric acid-forming system. 
Since the crotonyl CoA is contaminated with traces of free CoA, it is not 
possible to show the dependence of this assay system on free CoA in an un- 
equivocal manner. The requirement for CoA in Reaction 1 has been 
described previously (9, 12, 13). The second assay system described (de- 
cline in absorption at 303 mu when the §-ketoacyl CoA, CoA, and CE are 
mixed together), however, is not subject to this fault, and a clear demon- 
stration of the requirement for CoA is possible. In the absence of free 
CoA, no cleavage takes place; i.e., there is little or no change in optical 
density at 303 mu. Upon addition of CoA in stoichiometric amounts, 
rapid cleavage of the B-ketoacyl CoA is observed. 

The component reactions of the citrate-forming system (Reaction 7) 
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may also be demonstrated in a stepwise manner, as is shown in Fig.2, > equili 
After hydration, 0.15 um of crotonyl CoA was oxidized by the B-OH-acy| | mixtu 
CoA dehydrogenase (Ox., Fig. 2). At equilibrium about 0.1 um of DPNH F (Reac 



































had been formed. This equilibrium was not affected by the successive Ex; 
addition of malic dehydrogenase, citrate-condensing enzyme, L-malate, | tathi 
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©oNO CROTONYL CoA nh ( 
10001. *O1SM CROTONYL Coa -— 
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Fig. 1. Activity of the CE assay system as a function (A) of concentration of the re 
enzyme, (B) of concentration of crotonyl CoA, and (C) of time. In C, the concen- (100, 
tration of CE was 0.35 y. The citrate-forming assay system was used throughout. . 30 
The specific activity of the CE used was 110. nee 
Fig. 2. Stepwise demonstration of formation and cleavage of AcAcCoA. The ml..), 
cuvettes contained the following: t-histidine buffer of pH 8.8 (60 um), MgCl. (4 um), adde 


. DPN (2.5 um), H20 to 3.0 ml., and crotonyl CoA as indicated. At to 0.22 mg. of 6- chany 
OH-acyl CoA dehydrogenase (Ox.) was added. At the intervals noted the following fora 
were added: malic dehydrogenase (0.45 mg.), citrate-condensing enzyme (0.6 mg.), 
L-malate (10 um), CoA—SH (0.1 um), and 0.1 mg. of CE (specific activity, 50). The (0.9 


change in optical density at 340 my was followed. The reaction was carried out at assa 
16°. incu 
0.81 


or CoA—SH. Upon addition of CE an additional 0.33 um of DPNH was | 4, 
formed rapidly. 

Formation of AcAcCoA from AcCoA—Fig. 3 shows an experiment in tot} 
which AcCoA was condensed, in the presence of CE, to AcAcCoA. The 
progress of the reaction was followed by the appearance of the absorption (8) 
band at 303 mu. At equilibrium 0.0192 um of AcAcCoA was formed. 
The reaction mixture was then deproteinized with HClO, and neutralized ise 
with KOH. Upon addition of the 8-OH-acyl CoA dehydrogenase and 0.15 (10) 
um of DPNH, which is in excess of the AcAcCoA present, the AcAcCoA 
was reduced to B-OH-butyryl CoA. When this reaction had reached 
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equilibrium, excess CE was added. AcCoA from the original reaction 
mixture shifted the equilibrium in the direction of reduction of AcAcCoA 
(Reactions 4 and 3 in reverse). 

Experiments with Crotonyl Glutathione—It was found that S-crotonylglu- 
tathione (Cr-SG) can be employed as a substrate for CE in the citrate- 
forming assay. The method for the preparation of Cr-SG from crotonic 
anhydride and glutathione is analogous to that described above for the 
preparation of crotonyl CoA. The components of this assay are as follows: 
t-malate (6 um), Diol buffer of pH 8.8 (100 um), CoA (0.2 um), DPN (1 
um), Cr-SG (0.7 um), citrate condensing enzyme (6 y), malic dehydrogenase 
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Fic. 3. Stepwise demonstration of the condensation of AcCoA to AcAcCoA and 
the reduction of AcAcCoA to B-OH-butyryl CoA. Reaction 1, Diol buffer of pH 8.8 
(100 um), MgCl. (10 um), AcCoA (20um), H,O0 to1.0ml. The change in optical density 
at 303 mu was followed. At fo 0.081 mg. of CE (specific activity, 150) was added. 
See the text for details. Reaction 2, deproteinized solution from Reaction 1 (1.0 
ml.), DPNH (0.15 um). At to 0.20 mg. of B-OH-acyl CoA dehydrogenase (Ox.) was 
added. 6 minutes later 0.08 mg. of CE (specific activity, 150) was added. The 
change in optical density at 340 mu was followed. The values have been corrected 
fora control without AcCoA. The reactions were carried out at 16°. 


(0.9 y), B-OH-acyl CoA dehydrogenase (10 7), and CE (2 to4 y). The 
assay components are made up to 0.5 ml. with water in a small tube and 
incubated 10 minutes at 38°. The reaction is stopped by the addition of 
08 ml. of strong phosphate buffer (pH 7.8). The formation of DPNH is 
followed. Cr-SG is oxidized by the B-OH-acyl CoA dehydrogenase only 
in the presence of excess free CoA. The rate of oxidation is proportional 
tothe amount of CoA added. The mechanism of this oxidation is probably 


(8) Crotonyl glutathione + CoA = crotonyl CoA + GSH 


(9) Crotonyl CoA + DPN+ + H.O = AcAcCoA + DPNH + Ht 





(10) Crotonyl glutathione + CoA + H,0 + DPN+ = 


AcAcCoA + GSH + DPNH + Ht 
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The readily synthesized Cr-SG can thus be used in the CE assay in place 
of the acyl CoA derivatives. 

Equilibrium Constant for Reaction 4—Table II presents data of four 
experiments on the determination of K.q. for Reaction 4, 2AcCoA= 
AcAcCoA + CoA. Keg. is defined as 


[AcAcCoA]|[CoA] 


Kea. = 
. {[AceCoA}? 


K.q. was determined at pH 8.8 and 8.5. The calculated values at these 
two pH levels were 8.7 X 10-° and 6.0 X 10~-°, respectively. The AF° 
for this equilibrium at 16°, calculated from the expression AF° = —RT In 


TaBLe II 

Determination of Equilibrium Constant for Condensation of AcCoA to AcAcCoA 
Each micro cuvette contained the following: MgCl. (0.10 um), Diol buffer of pH 
8.8 (100 um), AcCoA as noted, H.O to a final volume of 1.0 ml. After an initial read- 
ing was taken at 303 my, 0.16 mg. of CE (specific activity, 100) was added. The 
change in optical density at 303 my was followed for 3 minutes, by which time equilib- 
rium had been attained. All determinations carried out at 16°. 








Experiment No. pH oe of AcAcCoA formed* Keq. 
oo — i Al - -_ per ml. an geal. 
1 8.8 9.7 <X 10 9.4 X 10-° 9.4 X 10-5 
2 8.8 19.4 K 10-4 17.3 X 10-* 8.0 xX 10-5 
3 8.5 9.7 X 10-4 7.4 X 10-8 5.8 X 10-5 
t | 8.5 | 19.4 K 10% 15.1 X 10-° 6.1 xX 10° 





* Extinction coefficients for AcAcCoA under these conditions were taken as 2.2 
X 107 cm.? X mole (pH 8.8) and 1.7 X 107 em.? X mole (pH 8.5). 





K.q., is +5400 calories at pH 8.8 and +5600 calories at pH 8.5; both 
are values for the reaction in the direction of condensation. The values 
for K.q, are in fair agreement with the data of Stern et al. (8) who reported 
approximately 2 X 10-° for this reaction at pH 8.1. 

Since K,.q. is affected by pH, it is apparent that the reaction as written 
is not strictly correct, since the participation of H+ is not indicated. It 
is probable that Equation 4 should be expanded to include the possible 
keto-enol forms of AcAcCoA. 

Specificity of CE—Purified CE (specific activity, 110) has been tested 
with three different 8-ketoacyl CoAs, C4-, Ce-, and Cs-.. The enzyme shows 
highest activity with B-ketocaproyl CoA as substrate and is somewhat 
less active with AcAcCoA and B-ketooctanoyl CoA. The rates of cleavage 


at 30° of these three 6-ketoacyl CoAs are 7.9, 3.8, and 6.9 um X min | 


per mg. of protein, respectively. The standard assay system described 
above (Reaction 7) was used in these studies. 
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In the present study the activity of CE on three 8-ketoacyl CoAs ap- 
pears to be that of a single enzyme. The ratio of rates of cleavage for 
these three substrates remains constant throughout the purification of CE 
as described. 

There have been earlier attempts to determine the specificity of CE 
with respect to the 6-keto acid attacked, but, inasmuch as the studies of 
Stern, Coon, and del Campillo (7), Stern and Ochoa (3, 4), and others 
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Fic. 4. K,,’ determinations for B-keto-C,-, Cs-, and Cs-acyl CoA. The micro 
cuvette contained Diol buffer of pH 8.8 (100 um), MgCle (10 um), GSH (4 uM), sub- 
strate, and CoA. Water was added to a final volume of 1.0 ml. The change in 
optical density at 303 my was followed after addition of CE (specific activity, 110). 
The maximal initial rates were determined with a Beckman DUR spectrophotometer. 
The reactions were carried out at 16°. Concentrations of CoA and CE for the various 
substrates were as follows: C, (0.07 um of CoA, 4.1 y of CE), C, (0.15 um of CoA, 0.81 
y of CE), Cs (0.05 um of CoA, 0.54 y of CE). The ordinate represents reciprocal 
micromoles of 8-ketoacyl CoA cleaved per minute; the abscissa, reciprocal micro- 
moles of substrate per ml. 





(1, 2, 12, 13) involved systems composed of more than one enzyme, it was 
uncertain which enzyme was responsible for the specificity of the over-all 
process. 

Determination of Km’ for Cleavage of 8-Keto-C.-, Ce-, and Cs-Acyl CoA*— 
It was possible to follow the rate of cleavage of these three 8-ketoacyl 
CoAs directly by the change in absorption at 303 mu. Lineweaver-Burk 
type plots (27) of the data obtained are shown in Fig. 4. In all of these 

*K,,’ is defined here as the apparent K,, determined under the experimental con- 


ditions outlined, with total substrate concentrations rather than the particular ionic 
species, 
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experiments CoA was present in excess. The reactions were carried out 
in the linear range of enzyme concentration. K,,’ values, expressed as 
moles X liter~!, obtained for the cleavage of the three substrates were as 
follows: Cy, 5.5 & 10-5; Cg, 1.5 K 1075; and Cg, 1.4 & 10-°. 

Mechanism and Kinetics of CE Reaction—The presence of convenient 
and sensitive methods for following the initial rates of both the forward 
and reverse reaction catalyzed by CE (Reaction 1) provided us with the 
opportunity of applying the theoretical concepts recently developed by 
Alberty (28) to this reaction. It was found, however, that the modifica- 
tion of the general equation 


(11) A+B=C+D 
to the form applicable to the present study‘ 
(12) 2A=C+D 


necessitated the derivation of new equations. These no longer showed the 
Haldane (29) relationship between velocities and Michaelis constants ex- 
pressed in the general equation® 


Vy; a KakKg 

(13) Keg. = (7) KKp 
The reaction catalyzed by CE can be best expressed by a mechanism sug- 
gested by Alberty for an enzymatic reaction involving two reactants and 
two products (Reaction 11). Thefour mechanisms suggested as possible for 
this reaction involve one to four intermediate complexes. The CE 
reaction is best fitted by only two of these mechanisms, those involving 
either two or three complexes. These are shown as Mechanisms I and II 
(Scheme 1). It may be seen that the two mechanisms differ only in the 
term E-AcAcCoA, this complex being assumed as present in Mechanism 
I and absent in Mechanism II. Both Mechanisms I and II should show 
simple Lineweaver-Burk plots for the forward reaction. That this is 
indeed the case is evident in Fig. 5. By neither mechanism has it been 
possible to derive a simple relationship between the kinetic constants and 
the equilibrium constant. Consequently, we may say only that either 
mechanism is possible, but no choice may be made between them. 

Beinert and Stansly (30) have reported an “acyl exchange” reaction 
catalyzed by CE. They showed that, when carboxyl-labeled AcCoA is 
incubated with a CE preparation, the acetoacetate which is isolated con- 
tains the isotope distributed between the carboxyl and carbonyl groups; 


4 We are limited to the study of the condensation of AcCoA to AcAcCoA, since 
only in this reaction is one product formed. AcCoA and a higher 8-ketoacyl CoA 
will give rise to a mixture of products on condensation. 

5See Alberty (28) for a discussion of these equations. 
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this distribution is either symmetrical or asymmetrical, depending on 
certain experimental conditions. The mechanism proposed by these 








MECHANISM T MECHANISM II 
La] Ky, 
(Il) € + AcCoA —— E-AcCoA CI,1) E€ + AcCoA=— E-AcCoA 
Ko Ko 
K3 K3 
(12) € ~AcCoA=—— E -Ac™ + CoA (2) € —AcCoA =——E-Ac™ + CoA 
K4 K4 
K Ks 
(I,3)2 E-Ac™ + AcCoA =—=E-AcAcCoA CI,3) E-Ac™ +AcCoAS——E + AcAcCoA 
Ke Ke 
K7 
(1,4) E-AcAcCoA SE +AcAcCoA 
Ke 














ScueME 1. Mechanism of action of CE. 2AcCoA @ AcAcCoA + CoA 
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Fic. 5. Lineweaver-Burk plot of Reactions 4 and 12 (see the text). The micro 
cuvette contained the following: MgCls (10 um), Diol buffer of pH 8.8 (100 um), 
AcCoA as indicated, HO to 1.0 ml., and 0.040 mg. of CE (specific activity, 110). The 
change in optical density at 303 my was followed with a Beckman DUR spectropho- 
tometer. The maximal rates were calculated for the Ist minute of the reaction. 
The ordinate represents reciprocal micromoles of AcAcCoA formed per minute; the 


abscissa, reciprocal micromoles of AcCoA per ml. The reactions were carried out 
at 16°, 





workers is very similar to the two presented above, differing only in the 
use of E-AcCoA instead of E-Ac~ as the condensing partner (1,3 and II,3, 
Scheme 1). It is of importance to note that these basically identical 
mechanisms, proposed here and by Beinert and Stansly for the reaction 
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catalyzed by CE, were arrived at quite differently. The mechanisms pro. 
posed above were suggested from purely kinetic data; the mechanism of 
Beinert and Stansly was developed from isotope data. Either mechanism 
above is capable of explaining the data of Beinert and Stansly, the neces. 
sary assumption remaining that ks/ke >> ki/ke. It has not been possible 
to calculate the ratio of these constants. 


SUMMARY 


1. The 8-ketoacyl CoA cleavage enzyme (CE) of beef liver mitochondria 
has been purified about 15-fold over the initial extract of the acetone-dried 
powder. 

2. At the highest purity attained, CE catalyzes the cleavage of 8-keto- 
Cy-, Ce-, and Cg-acyl CoA at the rates of 5.9, 12.0, and 10.8 um X min- x 
mg.—', respectively, at 30°. 

3. The equilibrium constant for the reaction 2AcCoA = AcAcCoA + 
CoA in the direction of condensation at 16° has been determined to be 8.7 
X 10-5 at pH 8.8 and 6.0 X 10-° at pH 8.5. 

4. K,,’ for three substrates of CE, 6-keto-C,-, Ce-, and Cs-acyl CoA, 
have been determined to be 5.5 X 10-5, 1.5 X 10-5, and 1.4 X 10-* mole 
X liter~', respectively, at 16°. 

5. Two possible mechanisms for the action of CE are discussed in the 
light of recent findings. Both mechanisms assume the formation of E-Ac 
as an intermediary complex. It was not possible to choose between the 
mechanisms on the basis of kinetic data obtained. 


The author wishes to express his appreciation to Dr. David E. Green 
for his continued guidance and encouragement and to Dr. Henry R. Mahler 
‘and Dr. Robert A. Alberty for their aid and suggestions in the preparation 
of this manuscript. Miss Noel Krueger provided valuable technical 
assistance. 

This investigation was supported by a grant from the National Heart 
Institute, United States Public Health Service, and the Division of Biology 
and Medicine, United States Atomic Energy Commission. Generous 
supplies of fresh slaughter-house tissues were provided by Oscar Mayer 
and Company. 


BIBLIOGRAPHY 


1. Breusch, F. L., Science, 97, 490 (1943). 

2. Breusch, F. L., Enzymologia, 11, 169 (1944). 

3. Stern, J. R., and Ochoa, 8., Federation Proc., 9, 234 (1950). 

4. Stern, J. R., and Ochoa, S., J. Biol. Chem., 191, 161 (1951). 

5. Stadtman, E. R., Doudoroff, M., and Lipmann, F., J. Biol. Chem., 191, 377 (1951). 
6. Lynen, F., Wessely, L., Wieland, O., and Rueff, L., Angew. Chem., 64, 687 (1952). 





Pi PREM reemet e 





S$ BBNS REBRESSH 


ts TH TH M 


m of 
nism 
ces- 
sible 


dria 


lried 


ae 


i+ 
e 8.7 


oA, 
mole 


. the 
-Ac 
| the 


Teen 
ahler 
ation 
nical 


leart 


logy 
Tous 


layer 





1951). 
1952). 





XUM 


_— 


1 


—_ 


1 


i] 


13. 
14. 
15. 
16. 


= 
a 


— 
© oo 


oo os! 


S$ BRBNS RESRES 


D. S. GOLDMAN 357 


. Stern, J. R., Coon, M. J., and del Campillo, A., Nature, 171, 28 (1953). 
. Stern, J. R., Coon, M. J., and del Campillo, A., J. Am. Chem. Soc., 75, 1517 (1953). 
. Stern, J. R., and del Campillo, A., J. Am. Chem. Soc., 75, 2277 (1953). 


Mahler, H. R., in McElroy, W. D., and Glass, B., Phosphorus metabolism, Bal- 
timore, 2, 286 (1952). 


. Green, D. E., 2° Congrés International de Biochimie, Symposium sur le cycle 


tricarboxylique, Paris, July 5 (1952). 


. Green, D. E., Goldman, D. 8., Mii, 8., and Beinert, H., J. Biol. Chem., 202, 137 


(1953). 
Goldman, D., Federation Proc., 12, 209 (1953). 
Ochoa, 8., Stern, J. R., and Schneider, M. C., J. Biol. Chem., 198, 691 (1951). 
Straub, F. B., Z. physiol. Chem., 275, 63 (1942). 
Beinert, H., Von Korff, R. W., Green, D. E., Buyske, D. A., Handschumacher, 
R. E., Higgins, H., and Strong, F. M., J. Biol. Chem., 200, 385 (1953). 


. Wakil, S. J., Green, D. E., Mii, 8., and Mahler, H. R., J. Biol. Chem., 207, 631 


(1954). 


. Beinert, H., J. Biol. Chem., 205, 575 (1953). 
. Simon, E. J., and Shemin, D., J. Am. Chem. Soc., 75, 2520 (1953). 


Grunert, R. R., and Phillips, P. H., Arch. Biochem., 30, 217 (1951). 

Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 161, 415 (1945). 

Gornall, A. G., Bardawill, C. J., and David, M. M., J. Biol. Chem., 177, 751 (1949). 

Wakil, S. J., and Mahler, H. R., J. Biol. Chem., 207, 125 (1954). 

Horecker, B. L., and Kornberg, A., J. Biol. Chem., 175, 385 (1948). 

Green, D. E., Beinert, H., Fuld, M., Goldman, D. 8., Paul, M. H., and Sarkar, 
N. K., Exp. Cell Res., 4, 222 (1953). 

Mahler, H. R., Wakil, 8. J., and Bock, R. M., J. Biol. Chem., 204, 453 (1953). 

Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

Alberty, R. A., J. Am. Chem. Soc., 75, 1928 (1953). 

Haldane, J. B. S., Enzymes, Monographs on biochemistry, London and New 
York, 80-82 (1930). 

Beinert, H., and Stansly, P. G., J. Biol. Chem., 204, 67 (1953). 











sTU 


(Froi 


vers 
vitro 
the 
tion 
mol 
The 
poss 
titat 
bety 
seril 
pho. 


HC 


I 


vol 





XUM 


STUDIES ON THE MECHANISM OF PROTECTION BY AURIN- 
TRICARBOXYLIC ACID IN BERYLLIUM POISONING 


II. EQUILIBRIA INVOLVING ALKALINE PHOSPHATASE 


By JACK SCHUBERT anno ARTHUR LINDENBAUM 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Lemont, Illinois) 


(Received for publication, September 14, 1953) 


It has been demonstrated (1) that aurintricarboxylic acid (ATA) re- 
verses beryllium-induced inhibition of plasma alkaline phosphatase both in 
vitro and in vivo. It was suggested (2) that the ability of ATA to reverse 
the enzymatic and toxicological properties of Be*++ involves chelate forma- 
tion between Bet* and the ortho carboxyl, hydroxyl groups in the ATA 
molecule and the concomitant formation of a non-diffusible, colloidal lake. 
The enzymatic reactions involving Bett and ATA, or smaller molecules 
possessing the same functional groups as ATA, furnish a means of quan- 
titatively measuring the stabilities of the various chelates and the binding 
between the enzyme and the organic molecule. The present report de- 
scribes the results of investigations of the reactions among plasma alkaline 
phosphatase, Be**+, and the 3 molecules shown. 


a COOH COOH 
| | 


HOOC COOH OH OH 
—COOH HO; 
1] 
O 
Aurintricarboxylic acid (ATA) Salicylic Sulfosalicylic acid 
acid (SA) (SSA) 


In connection with these studies, an enzymatic method is described which 
permits quantitative determination of the stability of complex ions. 
EXPERIMENTAL 
The activity of plasma alkaline phosphatase from mature female Sprague- 
Dawley rats was measured in the manner described previously (1). 
Results 


The reaction between Be**+ and the active enzyme, E, is assumed to in- 
volve a reversible chemical combination amenable to mass action formu- 


359 








360 AURINTRICARBOXYLIC ACID AND BE. IL 


lation. Hence, 


_ BeE x 

nBe** + E=Be,E; Kper = cena = wos ca (1) 
where v is the number of moles of Be**+ which combine with E, and z rep. 
resents BeE, the measured activity of alkaline phosphatase in the presence 
of a known concentration of Be**. The BeE complex is assumed to be 
without phosphatase activity. The activity of the enzyme, E, in the ab- 
sence of Bet is taken as 100 per cent. It is further assumed that [Be*+*] » 
[E] and that a negligible fraction of Be*t* is bound to extraneous protein 
(3). The total molar concentration of beryllium is used to represent 
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Fig. 1. Inhibition of rat plasma alkaline phosphatase as a function of beryllium 


concentration. The curve has been derived by calculation from Equation 1 in which 
.n = 1 and Kger = 3.03 X 105 liter mole. 


[Bet+], although it is recognized that at the pH employed hydrolysis and 
polymerization cause a proportional reduction in the concentration of 
available Bet+ ions (4). 

The inhibition of plasma alkaline phosphatase by concentrations of 
beryllium ranging from 10-7 to 10-? m was studied. From the point of 50 
per cent inhibition the value of Ky._ was obtained directly and for n = 1 
it is found that Kgexz = 3.03 X 10° liter mole". The experimental var- 
iation in enzymatic activity with changes in Bet+ concentration was in 
good agreement with that calculated from Equation 1 as shown in Fig. 
1. Values of n other than 1 did not represent the data.! The fact that 
the measured activities appear to fall consistently below the theoretical 


1 It has been pointed out by Dr. I. Feldman (University of Rochester) that n =1. | 


does not necessarily represent monatomic Bett, although this value remains valid 
for the expression Be,E. 
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curve when [Be**+] < 10-* m is presumably related to the observation 
(3) that, as the beryllium concentration decreases, a greater proportion 
of Be+* is bound to plasma proteins. This has the effect of reducing 
the actual amount of Be** available for reaction. At concentrations of 
[Bet+] > 10-* m the binding of Be** to extraneous proteins appears negli- 
gible (3). 

The inhibition of E by ATA, SA, and SSA is formulated in a similar 
manner as for Be*+*. In all cases only when n = 1 was good agreement 
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Fig. 2. Inhibition of rat plasma alkaline phosphatase by ATA, sulfosalicylic acid, 
and salicylic acid. The theoretical curves are calculated from Equation 2 in which 
n = 1 and the respective K az values are those given in Table I. 


with the data obtained. Hence 


[AE] __ [a 
[AND] ~ [AI[100 = 2] 


where A represents ATA, SA, or SSA. Compared to Be++ the organic 
compounds are relatively weak inhibitors of alkaline phosphatase and are 
in the order ATA >> SSA > SA (Fig. 2). The respective K 4x values are 
summarized in Table I. 

When a sufficient concentration of either ATA, SA, or SSA is present, 
the inhibition of plasma alkaline phosphatase by Be*+ is reversed, as shown 
in Fig. 3. The extent of reversal is assumed to be dependent upon the 
stability of the complex ion or chelate formed between Be*+ and ATA, SA, 


orSSA. The competitive nature of the reaction may be expressed by the 
equation 





A+ESAE; Kaz = (2) 


[BeA][E] _ [BeA][100 — 2] 
[BeE][A] [Alf] 





BeE +A =—BeA +E; Kpeza = (3) 
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The values of Kyexa in Table I were calculated from the experimental 
data. For example, when [ATA]/[Be**] = 2.15, the inhibition is 50 per 
cent. At this point the initial concentration of ATA is 1.075 X 10“ y, 


TaBLeE [| 


Summary of Equilibrium Quotients for Reactions* Involving Plasma Alkaline 
Phosphatase and Beryllium 











Reacting substance Kper | Kar Kgera Kgea 
‘to ie * ; I. mole? =| 1. mole“? he mole 
Ce eee nee | 3.03 X 108 | 
Aurintricarboxylic acid........| 850 0.80 | 2.4 X 105 
Sulfosalicylic acid............. 60 0.23 0.70 X 105 


Salicylic acid.................. | | 20 0.07 | 0.2 x 105 


} 





* The equilibrium quotients are for the following reactions: Kpez, Bett + E= 
BeE; Kar, A+ E= AE; Kuyeza, BEE + A= BeA + E; Kgea, Be*+ + A= BeA. 
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Fig. 3. Effect of varying molar ratios of ATA, salicylic acid, and sulfosalicylic 
acid to beryllium on Be**-induced inhibition of alkaline phosphatase. The points 
have been corrected when necessary for the inhibition of alkaline phosphatase caused 
by ATA, SA, and SSA alone. Each point represents the average of at least three 
determinations made under conditions in which the beryllium concentration was 
initially 5 X 10-5 M, except for the solid circles in the case of ATA in which the ATA 
concentration was kept constant at 2.5 X 1074 M. 


while the initial concentration of beryllium is 5 X 10-° m. From Fig. 1 
the concentration of beryllium necessary to give 50 per cent inhibition is 
3.3 X 10-* m. Consequently, the equilibrium or final concentration of 
Be-ATA is (5 X 10-5) — (3.3 X 10-*) = 4.67 X 10-°m. The equilibrium 
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concentration of ATA is (1.075 K 10~*) — (4.67 X 10-5) = 6.08 XK 10-° . 
Hence, from Equation 3 we find for ATA that Kger, = (4.67 X 10-*)/(6.08 
x 10-*) X 1.0 = 0.77. The average value found for Ky.e, over a wide 
range of x values for ATA is 0.80. The values of K yer, are in the order 
ATA > SSA > SA (Table I). 

By combining Equations 1 and 3 it is possible to calculate the forma- 
tion quotient? K; for the reaction 


[BeA] 


Be++ + A= BeA; Kpea = 
er? + e BeA (Be*][A] 





(4) 


The values of Ky.,4, when A represents ATA, SA, or SSA, are given in 
Table I. 

The value of K ge, for sulfosalicylic acid, 0.70 * 105 liter mole, as ob- 
tained by the enzymatic method is in relatively good agreement with the 
value 0.35 X 10° liter mole! calculated for the 1:1 complex at the same 
ionic strength and pH from the data of Meek and Banks (6). The latter 
measured the stability of the Be-SSA complex ion from ultraviolet absorp- 
tion spectra of a mixture of beryllium sulfate, sodium perchlorate, and 
sulfosalicylic acid. 

When the concentration of beryllium is 5 X 10-5 m and the molar ratio 
of [A]:[Be++] = 20, the inhibition of plasma alkaline phosphatase is nearly 
completely reversed (Fig. 3). However, if the molar ratio is kept at 20 
while the absolute concentration of Be** is decreased, the ability of SA 
and SSA to reverse the Bet*+-induced inhibition of the enzyme decreases 
sharply, while that of ATA remains unchanged (Fig. 4). Furthermore, 
the relative effectiveness of SA and SSA for reversing Bet inhibition is 


altered when the total beryllium concentration decreases (compare Figs. 
3 and 4), 


DISCUSSION 


Relative Affinities of Be++ and Mg*+ (and Other Cations) for Enzyme— 
Since alkaline phosphatase is a magnesium-activated enzyme, it has been 
suggested that the inhibitory action of Be*+ results from competition 
with Mg for the same sites in the enzyme molecule (7-9). Be** has a 
far greater affinity for the enzyme than Mg**, since molar concentrations 
of Mg** over 1000 times that of Bet+ were ineffective in reversing the inhi- 
bition (7-9). Aldridge (10) demonstrated that a molar ratio of Mg++: Be*+ 
of roughly 40,000 was required to reduce Bet inhibition of rabbit kidney 
alkaline phosphatase from 80 to 30 per cent. The other alkaline earths 

* The word “quotient” rather than “constant” is used throughout to distinguish 


the Ky value from a true thermodynamic constant which does not vary with the 
stoichiometric concentrations of the constituents ((5) p. 279). 
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Sr and Ca* and the alkali metals Cs+ and Lit were not effective in re. 
versing Be++ inhibition of alkaline phosphatase (11). 

The marked inhibitory action of Be+* on plasma alkaline phosphatase is 
apparently related to the fact that, with some outstanding exceptions, 
Be** generally forms chelates of far greater stability than those of Mg+ 
(12-14). This, in turn, is related to the small size and electronic structure 
of Bet* which permit the formation of strong covalent bonds of the sp’ 
type (12-14). 

The binding of Be** by alkaline phosphatase, salicylic acid, or sulfo- 
salicylic acid is of the same order of magnitude. If Be+* and Mgt con- 
pete for the same functional groups in the enzyme as in the organic acids, 
it is possible to estimate roughly the amount of Mg** necessary to reverse 
Be** inhibition of alkaline phosphatase. The formation quotient between 
Mgt and salicylic acid can be expected to be similar to that of Ca*+ and 
salicylic acid (Kpe, = 1.4), as has been found for numerous organic acids 
(15). Since Kx. for Be** and salicylic acid is 0.2 X 105, a molar ratio of 
[Mg]:[Be] = 104 would be required to reduce Bet+* inhibition of alkaline 
phosphatase by Mg**, which is in agreement with experimental findings 
(10). 

In view of the strong chelating tendencies of the transition elements, 
Mn, Cot’, Ni**, and Zn**, it would be expected that these elements would 
compete more effectively and thus reverse Be** inhibition of alkaline phos- 
phatase far more effectively than Mgt*. This, indeed, is the case. In 
a test system in which beryllium was present at a final concentration of 6.2 
X 10-* m it was found that a final concentration of 6.2 X 10-‘ m of the 
transition elements, or a molar ratio to beryllium of 100:1, would reduce 
inhibition by beryllium several fold (11). From experimental data (16) 
jt appears that chelates of Be++ with oxygen-containing functional groups 
are, in several instances, at least 10 to 100 times more stable than those of 
Mn*, Cot, Ni, and Zn*. 

It is of further interest to note that the elements mentioned above, Be**, 
Cot, Mn**, Ni*+, and Zn*, are all capable of forming tetrahedral covalent 
bonds. Bet+ forms tetrahedral covalent bonds only, while the tetrahedral 
bonds involving Mg*+ are predominantly ionic ((14) pp. 250-254). The 
replaceability of Mg*+ by other metals such as Be++ may well be related 
to the spatial configuration of the chelating groups in the alkaline phos- 
phatase protein. 

It would appear, therefore, that the inhibitory action of Bet+ on alkaline 
phosphatase involves the reversible formation of a chelate of such high 
practical’ stability (Kpezx = 3 X 10°) that the Mg*+ necessary for enzy- 


3 The degree of chelation at pH 7 to 9 may be negligible because many metals react 
with hydroxy] ions to form highly insoluble hydroxides, polymers, or other products 
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matic activity is displaced. If the effect on alkaline phosphatase of the 
divalent metals mentioned above is due, among other factors, to chelate 
formation with the enzyme, it would be expected that alkaline phosphatase 
could be activated fnterchangeably by any of these metals, provided that 
a concentration proportional to the stability of the chelate is employed. 
Experimental evidence supporting this is available ((18), p. 490; (19, 20)). 

Unfortunately, the heterogeneous nature of alkaline phosphatase com- 
plicates this simple picture. In separate experiments we have found that 
citric acid inhibits alkaline phosphatase, giving a K ,x value of 60, the same 
as that of sulfosalicylic acid despite the fact that the formation quotient 
for the magnesium-citrate complex (K; = 1600) is far stronger than that 
of the magnesium-sulfosalicylate complex. It may be that inhibition of 
alkaline phosphatase by simple organic molecules also involves competi- 
tion with a dialyzable organic cofactor (19). 

Enzymatic Method for Measurement of Complex Ion Stability—The en- 
zymatic reactions exemplified by Equations 1 to 4 represent a promising 
means of obtaining formation quotients between metals and complex- 
forming agents. In some cases it may be necessary to correct the concen- 
trations of metal and organic acid for those fractions bound by protein. 
This may be done by dialysis experiments or by working in essentially 
protein-free media with purified enzymes in which the concentrations are 
far less than those of the interacting ions. In the present work the small 
fractions of Be** bound by the plasma proteins at the concentrations of 
Be employed can apparently be neglected (3). 

The enzymatic method can be viewed as a two-phase system in which the 
enzymes and complex-forming agent compete for the metal. Such sys- 
tems, both biological and physical, have been utilized for the study of 
complex ions as, for example, the frog heart method (21) and ion exchange 
technique (22). The inhibition of alkaline phosphatase can also be used, 
under certain conditions, as a means of analyzing for very small quantities 
of Be**, since as little as 10-* m can be detected. 

Considerations Governing Relative Effects of ATA, SA, and SSA on En- 
zymatic Action of Be+*—The stability of the complex formed between Bet+ 
and ATA is more than 10 times greater than that formed by salicylic 
acid and more than 3 times greater than that formed by sulfosalicylic acid 
(Table I). The high stability of the Be-ATA chelate is due undoubtedly 
to the fact that it forms an insoluble lake. The greater stability of the Be- 
SSA chelate relative to the Be-SA chelate is probably due, at least in part, 





which reduce the activity of the free metal ions. A distinction has been made (17), 
therefore, between the intrinsic stability quotient and the practical stability quotient, 


the latter referring to the actual fraction of total metal in complex form in the envi- 
Tonment under study. 
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to the increased electrostatic attraction exerted by SSA, because of the pres- 
ence of the negatively charged sulfonic acid group, on the positively charged 
Be ions. 

Since ATA appears to have an affinity for many préteins, alkaline phos- 
phatase in the present case, far in excess of that found for salicylic or sulfo- 
salicylic acid (Kan, Table I; Fig. 2), it is to be expected that its effectiveness 
against the enzyme-inhibiting action of Be would be considerably enhanced 
relative to SA and SSA. The high affinity of ATA for protein is due in 
considerable part to its large size which enhances the van der Waals at- 
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Fie. 4. Reversal of Be*+-induced inhibition of plasma alkaline phosphatase: 
The absolute concentration of beryllium varied, but the molar ratio of [A]:[Be**] 
was kept constant at 20:1. Each point represents the average of at least three deter- 
-‘minations. Corrections were made for the inhibition of alkaline phosphatase caused 
by ATA, salicylic acid, or sulfosalicylic acid in the absence of beryllium. 


tractive forces. Similar observations regarding the interaction of organic 
chelating agents with metal-activated enzyme systems have been reported 
by Smith et al. (23). It is interesting to note that we have found that the 
binding of ATA for serum albumin relative to that of SA and SSA is about 
the same as the relative K 4» values for alkaline phosphatase (unpublished 
work). 

From Fig. 4 it is seen that as the absolute concentration of beryllium is 
decreased the ability of both SA and SSA to reverse the inhibition of al- 
kaline phosphatase drops to a significant extent even though their molar 
ratio to Be*++ remains constant, while, in contrast, ATA maintains 100 per 
cent effectiveness. These results may be explained as follows: As the Be* 
concentration is reduced, the fraction of Be++ bound to protein, including 
alkaline phosphatase, increases (3). However, the over-all molar ratio of 
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ATA: Be** at the enzyme surface remains high because of the strong affinity 
of ATA for alkaline phosphatase (Kyz = 850). In the case of SA and 
SSA the concentration of these molecules at the enzyme surface is initially 
smaller; therefore a relative increase in Be** concentration at the surface 
by even a factor of 2 could conceivably cause a significant decrease in the 
SA:Be*+ and SSA: Be* ratios. 

It remains to be explained ‘why the ability of SA to reverse Be** inhibi- 
tion of alkaline phosphatase exceeds that of SSA when the absolute con- 
centration of beryllium decreases (see Figs. 3 and 4). This observation 
appears anomalous inasmuch as the Kx, and Ky, values for SSA are 
larger than the corresponding value for SA (Table I). 

Correlation with Animal Studies—The greater effectiveness of ATA in 
reacting with Be**, compared to SA and SSA, as shown by these enzymatic 
studies, is also revealed in studies in vivo. It was more effective in pre- 
venting the death of Bet*-poisoned mice, as judged both by the minimal 
dosage required and by the length of time either before or after beryllium 
injection over which administration was effective (24). These and other 
considerations are discussed elsewhere (24, 25). 


The authors are indebted to Mary H. Graves and William M. Westfall 
for technical assistance. 


SUMMARY 


1. The interactions among beryllium, aurintricarboxylic acid (ATA), 
salicylic acid (SA), and sulfosalicylic acid (SSA) with plasma alkaline phos- 
phatase were studied. 

2. The reactions have been formulated on a quantitative basis from 
simple mass action considerations, and formation quotients have been 
calculated. 

3. The results have been interpreted in relation to the protection offered 
by ATA, SA, and SSA in the treatment of acute experimental beryllium 
poisoning. The greater effectiveness of ATA compared to the other com- 
pounds is ascribed to two principal causes: it forms a much stronger chelate 
and is bound far more strongly to protein. 

4. The enyzmatic method for the measurement of the stability of com- 
plex ions is discussed. 
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SEDIMENTATION OF THE THYROXINE-BINDING PROTEIN 
OF SERUM IN THE PARTITION CELL* 


By MARY L. PETERMANN, JACOB ROBBINS, anp MARY G. HAMILTON 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
New York, New York) 


(Received for publication, July 30, 1953) 


Although the protein which normally carries the greater part of the 
serum iodine is probably present only in small amounts in serum, its char- 
acteristics can easily be followed when it is labeled with thyroxine con- 
taining I. By this technique its electrophoretic mobility has been found 
to fall between those of the a;- and a»-globulins (1-5). In this paper the 
sedimentation behavior of the radioiodine-labeled protein has been studied 
in the ultracentrifuge by means of the partition cell. This cell has a par- 
tition which permits sedimentation to take place normally, but prevents 
remixing when the ultracentrifuge is stopped. After centrifugation the 
contents of the top compartment are removed and analyzed for the specific 
component, in this case radioiodine. From the amount of material re- 
maining after a given period of centrifugation the sedimentation rate of 
the specific component can be determined. Since this technique was 
originally designed for the oil turbine ultracentrifuge, some changes have 
been necessary to adapt the method to the Spinco ultracentrifuge; the 
validity of these changes has been checked by measurements on bovine 
serum albumin. The same technique may also be applied to the analysis 
of mixtures of substances with different sedimentation rates. Its use in 
the determination of the sedimentation rate of the thyroxine-binding pro- 
tein in the presence of other I'*-containing substances will be described. 

Once the sedimentation rates of the various components in a mixture are 
known, the partition cell technique may be used to determine the amount 
of each component present. The application of this method to the study 
of the I'*-containing components in certain pathological sera is reported 
elsewhere (6). 

EXPERIMENTAL 


A solution of bovine serum albumin (Armour), containing 5 mg. of pro- 


tein per ml., was made up in 0.15 m sodium chloride and dialyzed against 
the same solution. 


*The authors wish to acknowledge the assistance of the National Cancer Insti- 
tute of the United States Public Health Service, the Atomic Energy Commission 
(contract No. AT(30-1)-910), and the Damon Runyon Memorial Fund for Cancer 
Research. The work was also supported in part by a grant-in-aid from the American 
Cancer Society. 
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Two groups of sera were studied. The first included two normal sera, 
Samples 1 and 2, to which about 0.05 y per ml. of synthetic I'*"-labeled 
L-thyroxine (7) was added in vitro, and one serum taken from a euthyroid 
patient 19 hours after he had been given about 120 y of I'*'-labeled L-thy- 
roxine intravenously. The second group of sera was from patients who 
had formed I'*!-containing thyroxine after treatment with sodium radio- 
iodide. Samples 4 and 5 were from two hyperthyroid patients who had 
received 9 mc. each. Samples 6a and 6b were from an athyreotic patient 
with functioning metastatic carcinoma of the thyroid, who had received 250 
mc. of radioiodide on one occasion and 175 mc. 7 months later; these sera 
contained small amounts of an abnormal protein which was probably thy- 
roglobulin (4, 6, 7). The distribution of the radioactivity among the 
various protein fractions and in iodide was determined kf zone electro- 
phoresis and chromatography, as described previously 4). Each serum 
was diluted with 7 volumes of 0.15 m sodium chloride before ultracentrifu- 
gation. 

The partition cell was the standard model supplied by the Spinco Service 
Company. It consisted of the usual 12 mm., 4° cell, with a special center 
section slotted 5 mm. from the bottom to hold a removable shelf 0.83 mm. 
thick. The shelf had twenty-three holes in it, about 0.28 mm. in diameter. 
A piece of Whatman No. 50 filter paper 12 mm. long and about 0.5 mm. 
narrower than the shelf was laid on top of the shelf before it was inserted 
in the centerpiece. 

The use of the partition cell for the precise determination of sedimenta- 
tion rates has been described for the Svedberg oil turbine ultracentrifuge 
(8-10). In the Spinco ultracentrifuge it has been used principally to study 
the sedimentation behavior of substances the concentration of which can- 

‘not be measured precisely, such as viruses (11). In adapting the technique 
to precise measurements in the Spinco ultracentrifuge, two difficulties were 
encountered. The first was the calculation of total sntiencst abe. 

In the oil turbine ultracentrifuge no sedimentation takes place during 

acceleration or deceleration, and so the time at top speed is used in the 
calculation (9). With the Spinco centrifuge, on the other hand, boundaries 
of rapidly sedimenting substances can be seen to form and move away from 
the meniscus during acceleration, and partially sedimented boundaries are 
maintained during deceleration down to about 3000 r.p.m. It therefore 
becomes necessary to include the acceleration and deceleration in the cal- 

culations unless very low speeds are used, as in the study of viruses (11). 

The rate of deceleration is controlled by the brake and is fairly uniform. 

Acceleration is controlled by the operator and has been kept as uniform as 

possible in these experiments. When the rates of acceleration and de- 
celeration were measured and the centrifugal force plotted as a function of 
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time, it was found to be equivalent to centrifugation at top speed (52,640 
rpm.) for one-third the period of acceleration at 13 to 14 amperes, plus 
the whole final acceleration period at 5 amperes (from 51,500 to 52,640 
rpm.) plus one-third the deceleration time. 

The second difficulty was incomplete rinsing of the top compartment at 
the end of the experiment, in order to determine the total amount of sub- 
stance left, since the Spinco cell has only a small hole in the top instead of 
acover. It was found possible to adapt the calculations, as shown below, 
by substituting concentration for total amount of substance left in the top 
compartment. At the end of an experiment the cell was gently inverted 
about ten times to insure thorough mixing of the contents of the top com- 
partment. As much of the contents of the top compartment as possible 
was then withdrawn with a blunt tipped hypodermic needle and 1 ml. 
tuberculin syringe and transferred to a small tared vial. The sample 
weight was then determined, the amount of albumin or radioiodine meas- 
ured, and the concentration calculated. The percentage of the albumin 
left in the top compartment was determined by diluting the sample with 
3.0 ml. of 0.01 Nn HCl and comparing its ultraviolet absorption at 280 my 
with that of a similarly diluted, uncentrifuged control. 

The percentage of the radioiodine was determined by inserting the vial 
in a well type scintillation counter and comparing the activity with that 
found for a similar volume of uncentrifuged sample. 

According to Svedberg and Pedersen (9) the sedimentation constant of 
a single substance, s,, may be calculated from the formula 


: Qs = cok(ae~*eat — 2) 


where w = angular velocity in radians 
t = time in segonds 
z, = distance ffom the center of rotation to the meniscus 
Xi = “cc isi a3 cc “cc oc “c “ partition 
Q:; = total amount of substance above the partition at time t 


Co initial concentration of the substance 


k = @ % , where d = thickness of the cell and ¢ = angle between cell walls 


To su te c:, the concentration at time t, for Q:, Q: = c: X V, 
where V is the volume of the upper compartment occupied by the solution. 
Since the cell is sector-shaped, with walls converging on radial lines, this 
volume approximates that of a blunt wedge cut from the volume bounded 
by two concentric cylinders by radial planes intersecting at the angle ¢. 


Therefore 
V = dr = a? — 22) = k(z2 — 22 and 
360 ( ’ ) k( é), 


w) Cr/cla? — x2) = xi2e-%w*eat — 72 
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For a mixture of sedimenting substances, A, B, C, etc., whose initial 
concentrations are Ca, Cp, Cc, and whose sedimentation rates are sq, Spy 8¢, 
with co = ca + cg + Co, a similar transformation may be made; hence 


(2) er/eo(a? — 22) = ca(zje at — 22) + cp(ai2e-*nt — 22) 
+ cc(zte*ect — 23), ete, 


For the calculation of the sedimentation rate of albumin, Formula 1 was 
used, and c,/c, was the optical density of the centrifuged albumin solution 
divided by that of the control. The values for x; and 2, were calculated 
from enlarged tracings of photographs of the cell. The centrifugation time, 
t, was corrected for the effect of temperature on the viscosity of water (to 
the equivalent centrifugation time at 20°). The calculated sedimentation 
rates were therefore those for a process taking place in the solvent at 20°. 
In correcting to sedimentation in water, the value of 0.734 was used for the 
partial specific volume of the albumin (12). 

For the calculation of the sedimentation rate of the thyroxine-binding 
protein Formula 2 was used, and c,/c, was the fraction of total counts per 
minute left after centrifugation. c, was the fraction of total counts per 
minute in the thyroxine-binding protein, cg was the fraction in the albumin, 
Cc was the sum of the fractions in the 6- and y-globulins, cp was the frac- 
tion in the thyroglobulin, and cg the fraction present as iodide. The corre- 
sponding sedimentation rates were as follows: albumin, 4.17 S (Svedbergs) 
in water (13) or 4.05 S in 0.15 m NaCl; 6.5 S for the 8- and y-globulins 
(14); 18.0 S for thyroglobulin (6); and 0 for iodide. The sedimentation 
rate of the thyroxine-binding protein was then the only unknown and could 
be calculated. In correcting to sedimentation in water, a partial specific 

_volume of 0.75 was assumed. 


RESULTS AND DISCUSSION 


The results for bovine albumin are given in Table I. The mean for the 
six experiments, 4.17 S, agrees with the value of 4.17 obtained by optical 
methods for a 0.5 per cent solution (13), and no individual determination 
differs by more than 4 per cent. The probable error of the mean’ is 0.04. 
Since there is no appreciable drift in these values with time of centrifuga- 
tion, such as would be caused by an error in the estimation of equivalent 
times of acceleration and deceleration, the calculated total centrifugation 
times must be nearly correct. 


1 In a series of n measurements, ti, t2...tn, the arithmetic mean of which is m, the 
probable error of the mean is 


0.6745 





E= 


V/nin — 2) V(m — th)? + (m — te)? + +++ + (m — t)* 
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initial The results of seven sets of experiments on the thyroxine-binding protein 
3B, 8c, | of human serum are shown in Table II. The mean of the twenty-six 
ce determinations is S29. = 3.31 S, with a probable error! of 0.06. These 

TABLE I 
¢), ete, Sedimentation of Bovine Serum Albumin in Partition Cell at 52,640 R.p.m. 
1 was Time* ot a 
lution kre O) ete te! ele ch 
lated min. | per cent Ss 
time, 41.0 | 74.1 4.05 
= 76.2 52.1 ren 
. 7 4.1 

cati “om : 
' pony 103.2 37.2 4.02 

: 114.3 28.1 4.20 
or the 142.4 9.0 4.36 
nding eee 4.17 
ts per Probable error of mean. . 0.04 
is pe * Corsected to 20°. 
umin, 
- frac- TaBie II 
corre- | Sedimentation of Thyroxine-Binding Protein in Partition Cell 
ergs) Distribution of serum radioiodine Sedimentation constant (99 ,,) 
oulins pM AT Sie. mas oe 
tation syle Thyroxine B + y- | Thyro- 

No 1 yroxine-| ay. , deus. 2 1 183 
could dide* soon bumint ~~ a 44 min.3/75 min.t min. ame min.t Mean 
ecific Cae igo 

”, per cent |per cent |per cent \per cent Ss Ss Ss AY Ss Ss 
1 2 68 23 7 3.07 | 3.23 | 3.39 | 3.56 | 3.28 
2 4 62 23 11 4.13 | 4.23 | 3.36 | 3.63 | 2.82 
th 3 0 71 26 3 3.33 2.25 2.66 | 3.31] 
wtboneet 4|4]| 7 12 | 12 | 3.80 | 3.95 | 3.48 | 3.55 | 3.49 
ptical 5 | 3 | 50 19 | 28 | 2.91 3.56 
1ation 6a 1 76§ 10 | 3 | 10 | 2.96 
0.04. 6b | 1 69§ 14 | 2 | 14 | 2.63 | 3.06 | 2.97 | 3.29 | 3.36 | 3.31) 
ifu ” Se — ——— een —— 
if a * Measured by chromatography. 
ve - t Measured by zone electrophoresis. 
zation t Corrected to 20°. 
§ Total a-globulin minus thyroglobulin. 
| 8.22 S in 0.15 m sodium chloride. 
m, the 
determinations are subject to considerably more error than those made on 
4 single component such as albumin, since any errors in the electrophoretic 
or chromatographic analyses will be reflected in these calculations. Errors 
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in the assumed sedimentation rate of any component will also influence 
these results as long as that component is still present in the top compart- 
ment. The thyroglobulin is gone after 35 minutes of sedimentation, the 
8- and y-globulins are presumably gone after 95 minutes, and the albumin 
- after 150 minutes. Any error in the estimated amount of iodide, on the 
other hand, will cause greater inaccuracies in the longer experiments. 

No sign of convective disturbance was seen in any of these experiments, 
The albumin boundaries were symmetrical until they approached the par- 
tition, when they sharpened slightly on the partition side. An occasional 
experiment was discarded because the per cent of material found in the top 
compartment was obviously much too high, but this was apparently the 
result of mixing during the sampling from the top compartment rather 
than of convection. Thus, in one albumin experiment 9 per cent was found 
in the top compartment after 142 minutes (see Table I). In a second 
experiment 40 per cent was found in the top compartment after 139 min- 
utes, but photographs taken during deceleration at 15,000 r.p.m. showed 
that the albumin boundaries had traveled about nine-tenths of the way to 
the partition in both experiments. 

In the experiments on serum, no correction could be made for the Johns- 
ton-Ogston effect (15), since the effect of protein concentration on the 
sedimentation rate of the thyroxine-binding protein was not determined. 
If it is like that of lactoglobulin, which has a similar sedimentation rate, 
the error is probably quite small. Johnston and Ogston found an error in 
lactoglobulin concentration of only 6 per cent in the presence of 2 per cent 
albumin. In the experiments reported here on serum diluted 1:8, the total 
protein concentration is only 0.8 per cent (about 0.4 per cent albumin), 
and so the error should be correspondingly less. 

No consistent difference was found between serum samples taken from 
subjects who had formed endogenous thyroxine following radioiodide ther- 
apy and those to whom synthetic L-thyroxine was given intravenously or 
added to serum in vitro. 

The low sedimentation rate found for the thyroxine-binding protein in 
the partition cell is in agreement with the slow sedimentation found in the 
preparative ultracentrifuge by Riggs, Lavietes, and Man (16) and in pre- 
liminary experiments in this laboratory (6). Recently Schmid (17) has 
found the greatest concentration of protein-bound iodine among the most 
soluble of the plasma proteins, Fraction VI-3. The a-glycoprotein which 
he has isolated from this fraction (18) has a sedimentation rate of 3.0 §, 
close to that of the thyroxine-binding protein, but a slower electrophoretic 
mobility, —4.2 in Veronal buffer at pH 8.6. Experiments on the thyroxine 
binding of the a2-glycoproteins are now under way in this laboratory. 
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SUMMARY 


1. The determination of exact sedimentation rates in the partition cell 
has been adapted to the Spinco ultracentrifuge. The validity of the pro- 
cedure has been checked by studies on bovine serum albumin. 

2. The sedimentation rate of the thyroxine-binding protein in whole 
serum has been followed by labeling it with thyroxine containing radio- 
iodine. The sedimentation constant, soo,., was found to be 3.3 S. 


The authors wish to express their appreciation to Dr. Rulon W. Rawson, 
for his generous support; to Dr. J. E. Rall, for advice and encouragement; 
and to Miss Helen Hagopian, for technical assistance. 
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THYROGLOBULIN IN SERUM AFTER I" THERAPY 
I. SALTING OUT* 


By JACOB ROBBINS 


(From the Sloan-Kettering Institute for Cancer Research, Memorial Center for Cancer 
and Allied Diseases, New York, New York) 


(Received for publication, August 12, 1953) 


The normal serum iodine appears to consist largely of thyroxine (1, 2), 
in loose combination with a specific protein carrier (3). Although other 
iodine-containing substances may also be present (4, 5) and may have 
considerable physiological importance (6), these contribute only a small 
proportion of the total serum iodine at any one time. Attempts to demon- 
strate thyroglobulin in serum by immunological methods have been un- 
successful, unless the blood was taken directly from the thyroid vein during 
mechanical trauma to the thyroid gland (7, 8). 

After the administration of large doses of radioiodine, however, con- 
siderable amounts of an abnormal serum iodine component may be found, 
coincident with an abrupt loss of I"! from thyroid tissue (9, 10). Studies 
on patients (10) and on rats (11) have indicated that this material re- 
sembles thyroglobulin in its insolubility in n-butanol, its behavior on chro- 
matographic analysis, and its iodinated amino acid composition, as well 
as in its electrophoretic mobility at pH 8.6 (12). Proof of the nature of 
this compound, however, has been lacking. 

To characterize this abnormal serum iodine component further, its be- 
havior has been studied during salting out of the serum proteins with 
phosphate buffer and during sedimentation of the serum proteins in the 
ultracentrifuge. The data to be presented in this, and in the succeeding 
paper (13), are more direct evidence that the material entering the circu- 
lation during irradiation of thyroid tissue, is, in fact, thyroglobulin. 


Materials! and Methods 


Thirteen patients were studied: one who received I'*!-labeled 1-thy- 
roxine intravenously, and the others, after oral “therapeutic” doses of 


*This work was supported by a grant from the Damon Runyon Memorial Fund 
for Cancer Research, a grant from the American Cancer Society, and a contract with 
the Atomic Energy Commission, No. A'T(30-1)-910. 

' Radioiodide (I'*!) was obtained from Oak Ridge and was administered with less 
than 10 y of carrier iodide. .L-Thyrorine was obtained through the courtesy of the 
Smith, Kline and French Laboratories and was labeled with I'*! by Dr. G. Gleason 
of the Abbott Laboratories. It was approximately 90 per cent pure by chromato- 
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radioiodide of varying amounts. Pertinent information for each patient 
is recorded in Table I. A measure of the approximate radiation delivered 
to thyroid tissue in each patient was estimated by methods previously 
described (10). Butanol solubility of serum I'*' was determined either by 
direct extraction of serum (10) or after precipitation of the serum protein 
with trichloroacetic acid (11). Radioactivity was measured with a y-ray 
counter; either a sensitive Texas Company Geiger-Miiller tube or a well 
type scintillation counter was used. 

Paper chromatographic analysis of serum I'*! was performed by tech- 
niques described earlier (10, 12). The three solvent systems employed 
are indicated in Table I. By the use of whole serum in these analyses, it 
was possible to observe the behavior of all the serum I'*! components 
(11). The percentage of the total I'*' in each radioactive band was esti- 
mated by measuring the area under the graph depicting net radioactivity, 

Salting out curves for serum protein in the presence of phosphate buffer, 
pH 6.5, were obtained by a modification of the methods of Derrien (16, 17). 
Dilutions of a stock buffer solution (an equimolecular mixture of KH,P0, 
and K:HPO,, 3.5 M) were prepared in centrifuge tubes so that the addition 
of 1 ml. of a 1:3 dilution of serum to 9 ml. of the salt mixtures resulted in 
phosphate buffer concentrations ranging from 1.19 to 2.975 m (34 to 85 
per cent”). In this way, the final serum dilution remained constant at 1:30. 
Increments in phosphate buffer concentration of 0.07 to 0.175 m (2 to5 
per cent?) were used. The pH of the buffer-serum mixtures, measured with 
a Beckman pH meter, was 6.55 + 0.05 over the concentration range em- 
ployed. 

The contents of the tubes were mixed by inversion and allowed to stand 
for approximately 16 hours in an incubator at 23-25°. The flocculent 
precipitate was then separated by the ether-centrifugation method of 
Kingsley (18). Evidence against the production of artifacts due to de- 
naturation of protein was obtained by (1) the similarity in results when 
filtration was used to remove the precipitate (Cases 2 and 10), and (2) 
the similarity of the zone electrophoretic pattern (pH 8.6) of redissolved 
precipitate (2.975 m) to that of untreated serum. The ether layer did 
not contain significant amounts of I'*'. 

Aliquots of the aqueous phase were used to measure radioiodine or pro- 
tein remaining in solution at each salt concentration. A duplicate tube 
at 1.19 m phosphate buffer was used as a standard, representing total radio- 
iodine or protein, by omitting the ether-centrifugation step and shaking 





graphic analysis. Cohn Fractions II and V of human plasma were kindly supplied 
by Dr. S. T. Gibson and Dr. J. N. Ashworth of the American National Red Cross 
and E. R. Squibb and Sons, respectively. 

2 Per cent by volume of the stock buffer solution. 
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well before aliquots were taken. The small amount of precipitate in the 
standard redissolved during preparation of the sample for protein analysis. 

Radioiodine in 5 ml. aliquots was measured with a y-ray counter of the 
type noted above. Protein was determined by ultraviolet absorption at 
975 mp (19) and by biuret analysis. In the latter, the method of Weichsel- 
baum (20) was modified by adding 1 ml. of 10 n NaOH (carbonate-free) to 
the unknown-reagent mixture, since color otherwise failed to develop. 
Blank corrections were made from a plot of optical density versus concen- 
tration at several phosphate buffer dilutions, since this relationship was 
not linear. Color development followed Beer’s law over the concentration 
range encountered, and biuret analysis of Cohn Fractions II and V of 
human plasma revealed identical optical density-nitrogen ratios. A plot 
of these data was used for the determination of total serum protein in 
whole serum. (Nitrogen was measured by the micro-Kjeldahl technique). 

Purified human thyroglobulin, labeled with I'*', was prepared from 5 gm. 
of normal thyroid tissue removed from a 75 year-old man during total 
laryngectomy for laryngeal carcinoma. The patient had been given 2 mc. 
of radioiodide 48 hours prior to surgery. The gland was frozen imme- 
diately upon excision, and purified thyroglobulin was prepared according 
to the methods of Derrien et al. (21) with equimolecular KH,PO, and 
K:HPO,. The final precipitate was dialyzed against water so that the 
final product (total weight 54 mg.) contained approximately 0.02 mm of 
the phosphate buffer; it was then lyophilized. 

Chromatographic analysis of the purified thyroglobulin in the butanol- 
dioxane-ammonia system revealed that all of the radioiodine remained at 
the origin. In the crude thyroid extract, 4 per cent of the I'*! behaved like 
iodide. 

Ultracentrifugal analysis* of a 1 per cent solution of the purified human 
thyroglobulin in 0.2 m NaCl showed that 83 per cent of it was in a single 
sharp boundary, with a sedimentation constant of seo,. = 17.68. 11 per 
cent sedimented at a faster rate and 6 per cent more slowly. 

Electrophoretic analysis of the purified thyroglobulin by the moving 
boundary technique,’ with barbital buffer, pH 8.6, ionic strength 0.1, re- 
vealed a single component with a mobility of —5.4 X 10-5 cm. per second 
per volt. In the presence of diluted plasma (2 gm. of plasma protein 
per 100 ml.) the mobility of purified thyroglobulin was —4.8 & 10-° cm.? 
per second per volt and was intermediate between those of a;- and az-glob- 
ulin. Zone electrophoretic analysis in filter paper (with the same buffer) 
of mixtures of crude thyroid extract or of purified thyroglobulin, with 


* The author is indebted to Dr. M. L. Petermann for these determinations. Ultra- 


centrifugal analysis was performed with the Spinco model E ultracentrifuge by the 
optical method. 













































































380 THYROGLOBULIN IN SERUM. I 
TaBLe I 
Summary of Clinical Data; Butanol Solubility and Chromatography of Serum [™ § 
Approx- ae + 
~~ = Time of Chromatography | 
= Clinical data* 1131 dose thyroid — a sf 
tissue dose - ss : | drox 
in 2nd Thyrox-| Origin | Iodide Pr 
24 hrs. ine [1 ) [ust Ta 
tH] 
Group A. Serum [!*! largely thyroxine 
me. rep p days per cent | per cent | per cent |per cent = 
of total | of total | of total | of total 4 Sil 
1 | Euthyroid 0.7+ (5 min.)| 92.3f | 95§ 0 5 fron 
Hodgkin’s disease N 
2 | Graves’ disease 7 1,600) 4 75.5|| of n 
3 ee 15 |2,700| 4 | 72.8I| | 
4 . ” 20 | 5,300) 5 | 88.5t| 949 | 4] 2 | Wer 
5 | Euthyroid 9 5,200 4 | 76.4t tivi 
Hypertensive heart disease mat 
6 | Thyroid carcinoma 53 =|17,000, 7 71.7] | 
Normal thyroid present 
| Non-functioning metastases | | 
7 | Thyroid carcinoma 150 | 3,900' 7 61.4]| | 809 | 10 | 10 1 
| Athyreotic Sert 
| Functioning metastases | | two 
8 | Thyroid carcinoma 200 | 5,800 7 | 92.7t | 90**| 9 1 and 
| Athyreotic | 90§ 9 OH | mal 
Functioning metastases | 874 10 3 but 
Group B. Serum I!* largely abnormal ten 
wit 
9 | Euthyroid 50 {23,0001 5 | 53.0t| 269 | 29 | 45 1 
Breast carcinoma sys 
10 | Thyroid carcinoma 74 {15,000} 8 26.0\| | | | pi 
Normal thyroid present | 
Non-functioning metastases | smi 
11 | Thyroid carcinoma 180 17,000) 6 42.5¢ | 329 | 53 | 18 on 
Athyreotic | firr 
Functioning metastases | (C 
12 | Thyroid carcinoma 207 +|16,000} 9 28.9t | 159 | 80 5 r 
Athyreotic | , 
Functioning metastases - 
13 | Thyroid carcinoma 241 3,700 8 28.6 | 9**| 79 12 wa 
Athyreotic | 9§ | 82 9 ph 
Functioning metastases | 84 | 86 | 6 At 
* Of the subjects listed as “‘athyreotic,”’ Case 8 had had a total surgical thyroidec- he 
tomy and had negligible uptake of I'*! in the neck; the others had received one or n 
more large doses of I'*! (> 75 mc.) at least several months prior to this study. | 
¢ u-Thyroxine, 0.1 mg. ” 
t Trichloroacetic acid method of extraction. 
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TABLE I—Concluded 


§ n-Butanol-1 ,4-dioxane (80:20 parts) equilibrated with 2 N ammonium hydroxide 
(14). 
| Direct method of extraction. 


§ n-Butanol-n-amyl] alcohol (70:30 parts); equilibrated with 2 N ammonium hy- 
droxide (12). 

** n-Butanol-glacial acetic acid-water (75:10:15 parts) (15). 

tt 1 per cent in triiodothyronine area. 


serum, indicated that more than 90 per cent of the radioactivity moved in 
asingle band with a similar mobility. The remaining activity was streaked 
from the origin to the major band. 

Mixtures containing 1.0 and 0.05 mg. of purified thyroglobulin per ml. 
of normal serum and 0.017 ml. of crude thyroid extract per ml. of serum 
were prepared and subjected to the salting out procedure. Specific ac- 
tivity calculations indicated that the latter mixture contained approxi- 
mately 0.15 mg. of thyroglobulin per ml. of serum. 


Results 


The results of butanol extraction and chromatographic analysis of the 
serum radioiodine (Table I) allowed the separation of the patients into 
two groups: Group A, those whose serum I'*! behaved largely like thyroxine, 
and Group B, those whose serum I"! included large amounts of an abnor- 
mal component; 7.e., iodine-containing material which was insoluble in 
butanol and remained at the origin in the various chromatographic sys- 


| tems. Except in two instances, this abnormal finding could be correlated 


with the approximate radiation delivered to thyroid tissue (10). 

The similarity in results obtained with the various chromatographic 
systems employed is illustrated by Cases 8 and 13. In one patient with 
functioning thyroid carcinoma and no normal thyroid tissue (Case 8), a 
small amount of serum I"*! with the same FR, as triiodothyronine was found 
on the butanol-dioxane-ammonia chromatogram, and its presence was con- 
firmed by radioautography. A similar finding is recorded in Paper II 
(Case 13b). 

The chromatographic data (Table I) indicate that the sera contained 
varying amounts of radioiodide. When comparisons were available, it 
was found that these values were close to those for I" soluble in 2.975 m 
phosphate buffer. (The latter values were usually 1 to 5 per cent higher.) 
At this phosphate concentration, 96 to 99.5 per cent of the serum protein 
had been precipitated.‘ In two sera more than 15 per cent of the I'*! was 
“non-precipitable” (Case 5, 29 per cent; Case 9, 40 per cent). Since the 


‘Recovery experiments with radioiodide added to normal serum indicated that 
% per cent of the I! remained in solution in 2.975 M phosphate buffer. 
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values for total I'*' solubility at all salt concentrations are raised by the 
presence of soluble radioiodide, it was necessary to correct the data for 
this factor when interpreting the salting out curves of “protein-bound” 
I'1. To accomplish this, an arbitrary value of 5 per cent I'*! solubility 
at 2.975 m was adopted for each serum, and all other values were adjusted 
accordingly. The data obtained in this manner are illustrated in Fig. 1, 

The mean salting out curve for sera containing largely “thyroxine J!” 
(Fig. 1, Group A) reveals that somewhat more than half of the radio- 
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Fig. 1. Salting out curves for serum “protein-bound I'*!”’ and for thyroglobulin. 
@ represents the mean salting out curve for the sera of Group A (‘“‘thyroxine-I'"”); 
O represents purified human thyroglobulin in normal serum (1.0 mg. per ml.). The 
salting out curves for all sera of Group B (‘‘abnormal [31 component’’) fall within 
the dotted area. 


iodine precipitated at phosphate buffer concentrations greater than 2.3 M, 
the remainder precipitating, in a gradual fashion, at lower concentrations. 
The salting out of serum I'*! in Group B, however, was quite different, owing 
to precipitation of large amounts of radioiodine between 1.40 and 1.75 
phosphate buffer. The standard deviation from the mean solubilities in 
Group A ranged from 2.4 to 9.1 per cent of total I’. Mean solubilities 
for Group B were not calculated, since these sera contained variable 
amounts of the abnormal component. There was no overlapping of in- 
dividual values in the two groups between 1.6 and 2.3 m phosphate buffer. 

The salting out curves for serum protein were comparable to those ob- 
tained by Derrien (16), and the mean curves for the sera of Group A and 
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Group B were identical. The total serum protein was also the same for 
both groups (the mean for all sera was 7.5 gm. per 100 ml., with a range of 
6.6 to 8.4 gm.). 

The salting out curve for purified human thyroglobulin in serum is also 
presented in Fig. 1. The three thyroglobulin-serum mixtures showed 
similar curves, with the exception that 14 per cent of the radioiodine in the 
crude thyroid extract was soluble at 1.75 m phosphate buffer and 6 per cent 
at 2.975 m. It is apparent that the solubility characteristics in phosphate 
buffer of the abnormal I'*! component in Group B are similar to those of 
thyroglobulin. Derivative curves revealed that the maximal I'*' precipi- 
tation occurred, in every instance, between 1.57 and 1.65 m phosphate 
buffer. 

Quantitative estimates of “thyroglobulin I'’” in the sera of Group B 
might be obtained from the various procedures which have been described. 
Thus, “thyroglobulin I'*"” would be equivalent to (1) immobile I! in 
the chromatograms; (2) the butanol-insoluble I", after correction for un- 
extracted iodide and thyroxine (10 per cent for the trichloroacetic acid 
method, 20 per cent for the direct method); and (3) the I'*' insoluble in 
1.75 m phosphate buffer after correction for precipitated thyroxine (30 per 
cent). In the latter two, thyroxine and iodide may be estimated by chro- 
matography. When such considerations were applied to the sera of Group 
B, it was found that “thyroglobulin I"*!” estimates ranged from 29 to 82 per 
cent of the total serum I'*' by chromatography, 39 to 69 per cent by butanol 
extraction, and 22 to 57 per cent by salting out. In most instances the 
amount estimated by salting out was lowest. While such discrepancies 
might be inherent in the techniques employed, it is also possible that they 
might indicate the presence in serum of yet another iodine-containing ma- 
terial which remains at the origin on chromatography, which is partially 
soluble in n-butanol, and which has salting out characteristics more like 
that of serum albumin. Such a substance has been found in the serum of 
several patients with functioning thyroid carcinoma (22), but it is impos- 
sible to determine from the present data whether such material is indeed 
present in the serums of Group B. 


DISCUSSION 


The solubility characteristics of human thyroglobulin in phosphate buffer 
appear to be similar to those obtained by Derrien et al. (21) for other mam- 
malian thyroglobulins (hog, beef, horse, and dog). Strict comparisons 
are not possible, however, since the present studies were carried out on 
thyrogiobulin-serum mixtures. Roche et al. (23) have shown that the 
salting out curve of hog thyroglobulin (in ammonium sulfate) is altered 
somewhat by the presence of serum, but the main characteristics of the 
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curve remain unchanged. With the techniques used in the present study, 
thyroglobulin components of slightly differing solubilities, such as have 
been described for other mammalian thyroglobulins (21), would not have 
been detected. 

Although the thyroglobulin concentration in the mixtures reported here 
was considerably lower than that employed by Roche et al., the lowest 
was still 95 per cent precipitable in 1.75 m phosphate buffer. In the sera of 
patients, however, the thyroglobulin concentration would have been even 
lower than in any of the artificial mixtures. The maximal increase in 
serum stable protein-bound iodine (measured by a modification of Barker’s 
method (24)) which was observed after the doses of I'*! in Group B was 
approximately 10 y per 100 ml. Assuming this increase to be thyroglobulin 
iodine only and the iodine content of thyroglobulin to be 0.5 per cent, the 
maximal thyroglobulin concentration in serum would have been approxi- 
mately 0.02 mg. per ml. With these very small concentrations of thyro- 
globulin, a larger proportion of “thyroglobulin I'*"” might remain in solution 
at 1.75 m phosphate buffer. The specific activity of the purified thyroglob- 
ulin preparation, however, did not permit testing of this possibility. 

An additional consideration might apply to patients receiving thiouracil 
derivatives, since thyroglobulin prepared from dogs receiving such drugs 
was found to be considerably more soluble in ammonium sulfate than was 
normal dog thyroglobulin (23). Only Case 11 had received thiouracil prior 
to the present study. 





Although the above factors might have affected the determination of | 
“thyroglobulin I'*"” (see “Results”), it appears clear from the data pre- | 


sented that the abnormal serum iodine component could be characterized 
by the salting out procedure. 

It is of interest to examine the salting out curve of serum I'*! when this 
was comprised largely of “thyroxine I'*”’ (Group A), since this would re- 
flect the behavior of the protein to which thyroxine is attached. Derrien 
and Harboe (25) have defined the protein components in the various areas 
of the salting out curve of horse serum, demonstrating that y-globulin 
precipitates below 1.5 m phosphate buffer, albumin above 2.3 m, and the 
a- and £-globulins at intermediate concentrations. Thus, the present 
findings are in keeping with earlier studies, which indicated that more than 
half of the serum iodine was contained in the “albumin” fraction obtained 


by ammonium sulfate fractionation (26), or in Fractions V and VI, by | 


Cohn’s methods. Fraction IV (1, 27) and Fraction VI-3 (28), however, 
have considerably higher iodine-protein ratios, and zone electrophoretic 
analysis has revealed that about 85 per cent of the normal serum iodine 
has a discrete mobility intermediate between that of a:- and a,globulins 
at pH 8.6 (3, 12, 29, 30). 
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The failure to demonstrate a sharply defined radioiodine component in 
the salting out curves of sera containing “thyroxine I!” may be due to 
coprecipitation of the ‘“thyroxine-binding protein” with other serum pro- 
teins under the conditions employed. It may also be that the “thyroxine- 
binding protein” resembles other serum proteins in that it salts out over a 
wide range of salt concentration. Thyroglobulin, on the other hand, has 
an extremely steep salting out curve, and this characteristic probably 
accounts for the ease with which the latter material was detected in the 
abnormal serums. 


SUMMARY 


The serum I'*! has been examined following intravenous administration 
of labeled L-thyroxine in one patient and after oral administration of radio- 
iodide for therapeutic purposes in twelve patients. In eight, the serum I! 
was contained largely in thyroxine, as demonstrated by its solubility in n- 
butanol and its behavior in certain chromatographic systems. In five 
patients there was an abnormal serum I*! component, which was insoluble 
in butanol and immobile in the chromatographic systems. 

The serum I'*! was studied further by salting out of the serum proteins 
with equimolecular KH,PO, and K,HPO,, pH 6.5. Those sera containing 
largely “thyroxine I'*!” failed to reveal a radioiodine component with 
sharply defined solubility characteristics, while in the sera containing the 
abnormal material a large proportion of the radioactivity was precipitated 
between 1.40 and 1.75 m phosphate buffer concentration. Comparison of 
the abnormal iodine-containing material in serum with human thyroglob- 
ulin prepared from a normal thyroid gland demonstrated the similarity of 
these substances with regard to their solubility characteristics in phosphate 
buffer. Taken in conjunction with other observations, these data suggest 
that destruction of thyroid tissue with radioiodine may result in the release 
of unchanged thyroglobulin into the circulation. 

The solubility characteristics of human thyroglobulin in phosphate buffer 
resemble those of other mammalian thyroglobulins. 


The author wishes to acknowledge the most helpful advice and interest 
of Dr. Rulon W. Rawson, Dr. J. E. Rall, and Dr. Mary L. Petermann in 


this work. He is indebted, also, to Miss Helen Hagopian for technical as- 
sistance. 
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THYROGLOBULIN IN SERUM AFTER I THERAPY 
II. SEDIMENTATION IN THE ULTRACENTRIFUGE* 
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The abnormal serum iodine component found after intense irradiation of 
thyroid tissue with radioiodine has been shown to resemble thyroglobulin 
ina number of ways. In Paper I (1) earlier evidence in this regard was 
reviewed, and new data were presented, demonstrating that the abnormal 
serum iodine component had the solubility in phosphate buffer of thyro- 
globulin. Further studies, by use of the ultracentrifuge, will be de- 
scribed in the present paper. It has been shown that this serum iodine 
component has the rapid sedimentation rate characteristic of thyroglobulin, 
and, by means of the ultracentrifuge partition cell, it has been possible to 
measure the fraction of the serum I"! in this component. 


Materials and Methods 


Of the five patients in this study, four were described in Paper I. In 
three (Cases 4, 5, 12), aliquots of the same serum samples were used for the 
present study. In Case 13, two serum samples obtained at different times 
were used: (a) one taken on the 4th day after the same I'*! treatment de- 
scribed in the previous study, and (b) one taken on the 5th day after a 
second dose of I'! administered 5 months later. The fifth patient (Case 
14) had functioning metastases from thyroid carcinoma and had had a 
partial surgical thyroidectomy. The radioiodine, thyroxine, and human 
thyroglobulin used in this study were described in Paper I, and the same 
techniques for butanol extraction, chromatographic analysis, and salting 
out with phosphate buffer were employed in studying the serum I"*!. The 
purified hog thyroglobulin used in this study has been described elsewhere 
(2). 

The behavior of serum I'*' in the ultracentrifuge was determined by two 
methods: sedimentation in the preparative ultracentrifuge, and in a parti- 
tion cell in the analytical ultracentrifuge. In the first method, 2 ml. of 
serum were diluted with 8.5 ml. of 0.15 m sodium chloride and sedimented 


*This work was supported by a grant from the Damon Runyon Memorial Fund 
for Cancer Research, a grant from the American Cancer Society, a grant from the 
National Cancer Institute of the United States Public Health Service, and a contract 
with the Atomic Energy Commission, No. AT (30-1)-910. 
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for 120 minutes at 152,000 X g. Successive 1 ml. samples were then re. 
moved, starting at the top of the tube. The radioactivity in each sample 
was measured with a well type scintillation counter, and total protein was 
determined by ultraviolet absorption at 275 mu. The results were caleu- 
lated in terms of cumulative I"*', or protein, with increasing depth in the 
tube. 

In the second method, the serum was diluted 1:8 with 0.15 m sodium 
chloride. The details of the method for using the partition cell in the 
Spinco ultracentrifuge and the equations for calculating the sedimentation 
rate of a single component, or the amounts of the components in a mixture, 
are described in an accompanying paper (3). According to the equation 
for the sedimentation of a mixture in the partition cell, 


Ce/colae? — 2.2) = ca(aite™*eat — 22) + cy(zite "ent — 2,2) + co(xjte-**ect — 22) ete, 


the fraction of the I'*' left in the top compartment at any time (c,/c,) is 
the sum total of the percentage of each component in the original mixture 
(ca, Cp, Cc, etc.) multiplied by a function of its sedimentation rate. 2, and 
x; are the distances from the center of rotation to the meniscus and to the 
partition, respectively; w is the angular velocity in radians; s is the sedi- 
mentation constant; and ¢ is the time in seconds. If all of the sedimenta- 
tion rates are known and all of the percentages but two, those can easily 
be calculated. 

Radioiodine in serum may be considered to be in five separate com- 
ponents: inorganic iodide, albumin, 8- and y-globulin, ‘thyroxine-binding 
protein” (an a-globulin), and thyroglobulin. For their respective sedi- 
mentation rates, 0, 4.05, 6.5, 3.22 (3), and 18.0 S were used; these values 
represent sedimentation rates in 0.15 m sodium chloride and approximate 
closely the rates in diluted serum. The sedimentation rate of thyroglobu- 
lin was estimated from optical sedimentation studies made on hog and 
human thyroglobulin, as will be described below. The percentage of I™ 
present as iodide was determined by chromatography, and the amounts 
associated with the various serum proteins were determined by zone elec- 
trophoresis in paper (2). The I*' in the a-globulin region is the sum of the 
I'*! in the “thyroxine-binding protein” and that in the thyroglobulin, which 
has a similar electrophoretic mobility (1, 2). By substituting x for the 
fraction of I'*! in the “thyroxine-binding protein” and (a-globulin—z2) for 
the fraction in the thyroglobulin, the amount of each can be calculated. 
When the sedimentation was continued for 35 minutes or longer, no thyro- 
globulin remained in the top compartment, and the thyroglobulin term 
dropped out of the equation. 

For two sera a number of experiments were made at varying sedimenta- 
tion times. The average values for the percentages of thyroglobulin and 
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“thyroxine-binding protein’’ were substituted in the partition cell equation, 
and the percentages of I'*' in the top compartment calculated for the times 
when the slope of the sedimentation curves (disappearance of I"* from the 
top compartment versus time) would change. These were at about 35 
minutes when the thyroglobulin boundary would leave the top compart- 
ment, 95 minutes when the 8- and y-globulins would leave, and 150 min- 
utes when the albumin would leave. 


RESULTS AND DISCUSSION 


In a single experiment, the sedimentation rate of hog thyroglobulin, in 
a 1 per cent solution in 0.2 m sodium chloride, was found to be se. = 
1728. This is lower than the value (about 18.2 8) calculated for this 
concentration from the data of Derrien et al. (4), which were obtained with 
the oil turbine ultracentrifuge, but lower sedimentation rates are usually 
found with the Spinco ultracentrifuge (5). For hog thyroglobulin in 0.5 
per cent solution in human serum diluted 1:8, a value of soo. = 17.58 
was found. Apparently, the slowing effect of the serum proteins was more 
than offset by the decrease in thyroglobulin concentration. In a single 
experiment with human thyroglobulin, s29,. was 17.6 S for a 1 per cent 
solution in 0.2 m sodium chloride. The finding of similar sedimentation 
rates for human and hog thyroglobulin confirms the earlier observations of 
Heidelberger and Pedersen (6). 

A line drawn through the point obtained for human thyroglobulin and 
parallel to a line constructed from the data of Derrien et al., by plotting 
8. versus concentration, would give se. = 18.8 S at infinite dilution. Cor- 
recting this to sedimentation in 0.15 m sodium chloride would give a value 
of 18.1 8. Assumption of a value close to 18.0 S for the sedimentation 
rate of human thyroglobulin in very dilute solution in serum, therefore, 
seems reasonable. When 18.0 §S is used in calculating the amount of thy- 
roglobulin, the values obtained in short time experiments are in excellent 
agreement with those obtained in the longer experiments, in which the 
sedimentation rate of thyroglobulin does not enter into the calculation 
(see below). 

For those sera not described in Paper I, data concerning the dose of 
radioiodide administered to the patient and the time of sampling, as well 
as the results of butanol extraction, chromatographic analysis, salting out, 
and electrophoretic analysis of the serum I"*', are given in Table I. These 
sera were comparable to those of Group B in Paper I and contained the 
abnormal serum iodine component which resembles thyroglobulin. 

Data obtained on three sera with the preparative ultracentrifuge are 
illustrated in Fig. 1. The curve depicting the mean sedimentation be- 
havior of serum protein must be interpreted in the light of the known 
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differences in the ultraviolet absorption of the various serum proteins. It 
would appear, nevertheless, that ‘thyroxine I'*'” in Cases 4 and 5 sedi- 
mented at a rate close to that of the total serum protein. (At least 85 
per cent of the I'*' in these sera was present as thyroxine.) The abnormal 
iodine component in the serum of Case 12, on the other hand, sedimented 
at a much faster rate. This result was to be expected if this serum iodine 
component was thyroglobulin. 

The studies employing the analytical ultracentrifuge permitted a more 
precise definition of the behavior of the abnormal serum I'*! component. 


TABLE I 
Analysis of Serum I'31 


Results in per cent of total. 











~ Salting Ze 
Chromatography Qalybie 7) Z peng 
Time of | BuOH- 3 Pas : Peis 
Case No.| I'8! dose | sample | soluble = m- ~ 3 |3 
| after dose | ['s1* “Be | . | ¢ ° £}m |B 
Systemf | °Z oe a ro 3 £ j}2 
ele;/e]| 2] 2 /3/818, 
PSiw@i@s | 2 bh o| 2 |f8 
BS | ar, aT a2 (F(a 
mc days | 
(a) 16 | 75); 9 | 
13a 241 4 37.0 : ok n 
(b) 13 69 | 18 49.9 18.7 | 61 | 21 4 
13b 250 5 60.6 (c) 39 | 40 19|| | 60.0 | 21.8 | 52 | 21 8 
15 | 12 


14 | 7% 6 | 33.1 = 18 | 74| 8 | 45.6 | 11.8 | 65 
| | | ' 





* Trichloroacetic acid method. 

+ System (a), BuOH-AmOH-NH;; (b), BuOH-HAc; (c), BuOH-dioxane-NH;3. 

t Observed values (per cent of protein-bound I'*!) adjusted for iodide I'*' (see 
- “Chromatography’’). 
§ ‘“‘Thyroxine-binding protein’’ plus thyroglobulin. 
|| 2 per cent in triiodothyronine area. 





Data obtained at varying sedimentation times on three sera containing this 
component are presented in Fig. 2 and are compared with the disappearance 
of I'*! from the top compartment of the cell in the case of a normal serum 
((3), Sample 1). For the purpose of comparing the behavior of protein- 
bound I'*' in these serums, all values were adjusted to a radioiodide content 
of 5 per cent, as had been done in the case of the salting out curves in 
Paper I. 

Normally, the serum iodine is present chiefly in combination with “thy- 
roxine-binding protein,” albumin, and globulin, all with sedimentation 
rates of a similar order of magnitude. The sedimentation-time curve of 
serum I!*! js, therefore, fairly smooth. By contrast, in sera containing the 
abnormal component, there is an initial rapid loss of I’ from the top 
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compartment. Of particuler significance is the finding in Case 14. The 
high concentration of the abnormal component in this serum and the num- 
ber of determinations carried out made it possible to define an abrupt 
change in slope of the experimental curve at approximately 35 minutes. 
This coincides with the time at which the thyroglobulin boundary would 
pass through the partition. 
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Fic. 1. The sedimentation of serum I'*! in the preparative ultracentrifuge. The 
broken lines represent radioiodine in two sera containing largely ‘‘thyroxine I'!”’ 
(A, Case 4; O, Case 5), and in one serum containing a large abnormal I'*' component 
(@, Case 12). The solid line represents the mean of the total serum proteins in the 
three experiments. The individual protein values deviated very little from the 
mean. 

Fic. 2. The sedimentation of serum I’! in the ultracentrifuge partition cell. The 
symbols represent experimental values, while the lines are drawn through points 
calculated for those times at which the slopes of the sedimentation curves would 
change (see the text). Dash line, normal serum; A, Case 13a; O, Case 13b; @, 
Case 14. The first three values for Case 14 were obtained after sedimentation at 


37,020 r.p.m. and the times were corrected to an equivalent sedimentation time at 
52,640 r.p.m. 


Also shown in Fig. 2 are curves for two patients, drawn through the cal- 
culated points indicated above. The proximity of the individual experi- 
mental points to these curves is an index of the reproducibility of the ex- 
perimental data. 

The foregoing data indicate that the abnormal serum iodine component 
in these sera closely resembles human and hog thyroglobulin in its sedi- 
mentation rate. The quantitative estimates of “thyroglobulin I'*’” in 
these sera obtained by ultracentrifugal analysis are given in Table II and 
are compared with estimates based on the other methods employed in this 
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study, as described previously (1). The values obtained by ultracentrif. 
ugal analysis and by salting out show good agreement, while those obtained 
by chromatography (Table I, “Origin I'’’) are higher. This confirms 
the finding in Paper I, where its possible significance was discussed. It 
seems likely that ultracentrifugal analysis and salting out give the most 
accurate estimate of the thyroglobulin content of these sera. 


TABLE II 
Quantitative Estimation of ‘‘Thyroglobulin [8 in Serum* 
Per cent of total I'*!, 





Case No. Ultracentrifugationt BuOH extraction Salting out 





13a 39 60 45 


13b 24 
19 
20 
19 





PII sis ready wwrie-a 21 33 28 





14 52 
53 
45 
51 
42 














Average...........-...4| 49 ; 64 49 





* The estimate based on chromatography may be found in Table I (‘Origin I'*"”). 


t The lists of values are calculated from experiments at increasing sedimentation 
time. The actual times may be obtained from Fig. 2. ° 


SUMMARY 


The sedimentation of serum I'*! in the ultracentrifuge has been studied 
in five patients after six doses of radioiodide administered for therapeutic 
purposes. Four sera contained an abnormal serum iodine component, 
shown earlier to resemble thyroglobulin. 

Studies in the preparative ultracentrifuge and in the analytical ultra- 
centrifuge partition cell indicated that, while the radioiodine in those sera 
containing largely “thyroxine I'*"” sedimented at a rate close to that of the 
serum proteins, the abnormal serum iodine component sedimented at 4 
much faster rate. The sedimentation behavior of this material closely 
resembled that of human and hog thyroglobulin. ; 
Estimates of the amount of thyroglobulin in these sera from the partt- 
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tion cell analyses gave values which agreed well with those obtained by the 
salting out technique. 


The authors wish to thank Dr. Rulon W. Rawson for his advice and 
interest. They are indebted to Miss Helen Hagopian and Mrs. Mary G. 
Hamilton for technical assistance. 
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POLYSACCHARIDE SYNTHESES IN GROWING YEASTS* 
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The syntheses of polysaccharides by growing yeasts are still poorly 
understood despite the rather considerable literature that has accumulated 
on this subject. The réle of phosphorylase in the synthesis of glycogen 
in isolated systems is well established (1-4), but a réle in polysaccharide 
syntheses in vivo for enzymes that mediate transglycosidations of oligo- 
saccharides appears possible according to recent work of Pazur (5), Pazur 
and French (6), Edelman and Bacon (7), and Peat et al. (8). In growing 
cells, with hexoses labeled on carbon atom 1 as substrates, it appears that 
polysaccharides are synthesized directly from hexoses, rather than from 
the smaller units derived from the glycolytic cycle or the alternative oxida- 
tive pathways, as shown by the work of Cook and Lorber with rat tissues 
(9) and of Gilvarg with yeast (10). 

The present work is an extension of the demonstration of the essenti- 
ality of polysaccharide synthesis for yeast growth (11) and was under- 
taken in an attempt to determine whether the major pathways for the 
syntheses of polysaccharides in growing yeasts involve the reversal of 
phosphorolysis starting from glucose-l-phosphate and mannose-1-phos- 
phate. 


Materials and Methods 


Microbiological Methods—In general the methods used were the same 
as those previously described (11). The basal medium in which the 
yeast strains were grown had the following composition: glucose 20.0 gm., 
(NH,).80, 3.0 gm., KH.PO, 3.0 gm., MgSO,-7H,0 0.25 gm., CaCl, 0.25 
gm., glycine 1.0 gm., biotin 5.0 y, and distilled water to make 1000 ml. 
The final pH of the medium was 5.1. For Zygosaccharomyces acidifaciens 
(ATCC 8766) the basal medium was used without addition of growth fac- 
tors other than biotin. For Saccharomyces cerevisiae, calcium pantothenate 
and inositol were supplied in addition to biotin for Fleischmann strain 
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18.28, and calcium pantothenate, thiamine, and pyridoxine were supplied 
in addition to biotin for Fleischmann strain 18.29; 500 y of each vitamin 
were used in order that the amount should not be a limiting factor. The 
strains of S. cerevisiae were kindly furnished by Dr. A. Schultz of The 
Fleischmann Laboratories, New York. 

The basal medium, per liter basis, was dissolved in 600 ml. of distilled 
water, and 30 ml. of the medium were distributed into 250 ml. Erlenmeyer 
flasks, autoclaved, and cooled. The remaining ingredients were added 
aseptically; the NaF solution, sterilized separately by autoclaving, was 
added last to minimize precipitation. The final liquid volume was 50 ml, 
per flask. The inoculum consisted of 0.2 ml. of a suspension, in 25 ml. of 
sterile water, of yeast cells taken from slant cultures 48 hours old. The 
flasks were incubated for 48 hours at 28° on a rotatory shaking machine, 
At the end of this time, the turbidity of a 1:10 dilution of each culture was 
read at 600 my. After centrifugation of each flask, the cell mass was 
washed twice with distilled water and suspended in distilled water. Al- 
quots were taken for dry weight, and total carbohydrate determination and 
the polysaccharide components of the remainder were fractionated and an- 
alyzed by a modified anthrone method. All steps in the fractionation pro- 
cedure were carried out in 12 ml. conical centrifuge tubes. 

Phosphate Esters—Mannose-1-phosphate was prepared according to the 


method of Colowick (12), starting from p(+)-mannose. The barium salt | 


of mannose-1-phosphate was converted to the dipotassium salt by the 
addition of an equivalent amount of K»SO,, and the BaSO, precipitate was 
removed by centrifugation. The precipitate was washed several times 
with distilled water. The washings were added to the original super- 
natant solution and made up to the desired volume. Glucose-1-phosphate 
(Schwarz) was purchased commercially. All solutions, other than the 
basal medium, were sterilized by filtration and added to the basal medium 
which had been autoclaved for 15 minutes under 15 pounds pressure. 

Polysaccharide Analysis by Anthrone Method—Quantitative determina- 
tion of yeast carbohydrates was carried out with a modification of the 
anthrone method of Morris (13). The suitability of the anthrone method 
in the determination of each polysaccharide was first established by the 
following observations. 

Carbohydrates—Pentoses give a fleeting color, whereas hexoses and 
polysaccharides (starch, glycogen, mannan, cellulose, and glucan) all gave 
a green color which conformed to Beer’s law over a wide range of concen- 
trations. 

Nucleic Acids and Nucleotides—Ribonucleic acid and its mononucleotides 
containing pentose give a fleeting color, similar to that obtained with 
pentoses, which disappeared completely after heating for 10 minutes at 
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100°. Though desoxyribose and desoxyribonucleic acid develop a red color 
that is stable and proportional to concentration, the amounts of desoxy- 
ribonucleic acid and its degradation products in yeasts are negligible in com- 
parison with those of polysaccharides and phosphorylated sugars. There- 
fore, the color developed with these compounds in the anthrone reaction 
is of no influence on the quantitative determination of yeast carbohydrates. 

Chitin and Glucosamine—These do not give a color on reaction with 
anthrone unless they have been deaminated beforehand in strong sulfuric 
acid. Since chitin is not extractable from the cells by treatment with 30 
per cent KOH at 100° for 30 minutes, a small quantity of it is present in the 
glucan residue. Although the glucan residue is subsequently dissolved in 
strong sulfuric acid, it is diluted immediately with a large amount of cold 
water. Hence, there is little likelihood of the deamination of chitin by 
sulfuric acid in this step. 

Anthrone Reagent—An Eastman Kodak product, 0.2 gm., was mixed 
with 100 ml. of cooled H,SO,.-H,O (3:1 mixture by volume); large clumps 
of anthrone were broken with a glass rod, and the mixture was left at room 
temperature for 30 to 60 minutes until all the anthrone dissolved. The 
anthrone reagent (5 ml.) was slowly added to 1 ml. of sample in a test-tube 
which was immersed in a cold water bath. The tube was agitated in the 
bath to insure thorough mixing of the contents, while any significant rise 
in temperature was avoided. The tubes containing the mixture were 
heated for exactly 10 minutes at 100° in a boiling water bath. Standard 
solutions of 100 y of glucose or mannose per tube (for glycogen or mannan 
determination, respectively) were run at the same time. Care was taken 
to bring the reading of the unknown close to the reading of the standard. 
After heating, the tubes were immediately cooled and read at 540 my in a 
Klett photoelectric colorimeter. 

Quantitative Fractionation of Yeast Carbohydrates—We have developed 
a method for fractionation of the polysaccharides of yeast based on their 
isolation. Shortly after this work was begun similar methods were pub- 
lished by Trevelyan and Harrison (14) and by Fales (15), and minor modi- 
fications were made in our original method to take advantage of improve- 
ments introduced by their procedures. The following method has given 
very satisfactory, reproducible results. 

Total Carbohydrates—1 ml. of whole cell suspension appropriately diluted 
was used as described above. When the samples were not analyzed im- 
mediately, the thick cell suspension was diluted in 2 n H.SO, or 2 nN NaOH 
to prevent the loss of carbohydrates by respiration during storage. 
Water-Extractable Carbohydrates—The washed cell mass was suspended 
in water and allowed to stand in 12 ml. conical centrifuge tubes at room 
temperature for 30 minutes and was then centrifuged. The supernatant 
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solution was made up to the original volume and analyzed for carbohydrate, 
This fraction has frequently been neglected, but, depending on the experi- 
mental conditions or species of yeast, may be of importance, as will be 
shown later. 

Trichloroacetic Acid-Extractable Carbohydrates—Trichloroacetic acid 
(TCA) is known to extract mononucleotides (16), some oligosaccharide 
(14), and phosphorylated sugars (17) from yeast cells. If the cell surface 
is altered by some means, some of these substances will be extracted with 
water. Cold 10 per cent TCA (2 ml.) was added to the tubes containing 
the packed cells remaining after water extraction. The cells were sus- 
pended by stirring with a glass rod and left at 5° for 10 minutes. The 
suspensions were centrifuged and washed twice with water, and the com- 
bined supernatant solution was made up to 10 ml. 

Alkali-Extractable Carbohydrates—The cell residue from the previous 
step was suspended in 2 ml. of 30 per cent KOH and heated in a boiling 
water bath for 30 minutes, cooled and diluted with 3 ml. of water, mixed 
well, and centrifuged. The cell residue and the wall of the tubes were 
washed thoroughly. The combined supernatant solution was made up 
to 10 ml. 

Mannan—®5 ml. of the alkali extract were transferred to another 12 ml. 
conical centrifuge tube, and 2 ml. of Fehling’s solution were added. The 
tubes were put in the refrigerator overnight, then centrifuged, and the 
precipitate was washed three times with 0.1 N NaOH; any large clumps 
were broken to remove glycogen. The washed precipitate was dissolved 
in 1 or 2 ml. of 2 Nn H.SO, and made up to 10 ml., or other desired volume, 
with water. For determination of mannan and glycogen, 2 volumes of the 
above extract were compared with 1 volume of 30 per cent KOH extract 
in order to calculate glycogen by difference. 

Acetic Acid-Extractable Carbohydrates—The residue after alkali extrac- 
tion, when extracted with 0.5 to 1.0 N acetic acid for 3 to 4 hours, yielded 
pure glycogen. Northcote and Horne (18) reported that glycogen was 
extracted from the cell wall preparations of yeast with 0.5 N acetic acid at 
100° for 6 hours. The cell residue after alkali extraction was, therefore, 
suspended in 2 ml. of 2 n acetic acid and heated for 30 minutes at 100°. 
After three washes the combined supernatant solution was made up to 10 
ml. Thus the content of glycogen was obtained by adding together the 
carbohydrate determined in the acetic acid extract and the glycogen calcu- 
lated from the total carbohydrate in the alkali extract. 

Insoluble Carbohydrate—This fraction consists largely of glucan and some 
yeast chitin (19, 20). Since chitin does not give a color reaction with the 
anthrone reagent, this fraction may be considered to represent only the 
glucan portion of the yeast carbohydrates when determined by the an- 
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throne method. The residue after acetic acid extraction was dissolved in 
1 or 2 ml. of 3:1 H.SO,.-H,O mixture, depending on the amount of the 
residue, and diluted to 25 ml. or 50 ml. with cold water. 


Results 


Reversal of Fluoride Inhibition of Yeast Growth—In a previous report it 
was shown that inhibition of growth by fluoride in a living system is due 
to the blocking of phosphoglucomutase in the following reaction: 


NaF 


Glucose-6-phosphate —=!— glucose-1-phosphate 





resulting in the failure of polysaccharide synthesis which is essential to the 
growth of the organism (11). The reversal of fluoride inhibition by addi- 
tion of glucose-1-phosphate was first found in Z. acidifaciens and later in a 
number of yeasts including S. cerevisiae. Mankowski (personal communi- 
cation) has reported that the acute toxicity of fluoride in the rat can be 
offset to some extent by simultaneous injection of glucose-1-phosphate, 
and Thimann and Bonner (personal communication) have found glucose-1- 
phosphate, but not glucose-6-phosphate, to reverse fluoride inhibition of 
growth of higher plant tissues. 

Use of the fluoride reversal technique has proved to be advantageous 
for studying polysaccharide synthesis in vivo in yeasts. The kinetics and 
concentration-response data on fluoride inhibition of growth, and reversal 
thereof with glucose-1-phosphate, have been reported previously (11); 
inhibition of yeast growth is proportional to fluoride concentration over a 
very wide range (a slope of —0.5 from 5 K 10“ m to 107 m NaF ona 
log-log plot). Glucose-6-phosphate and fructose-6-phosphate are ineffec- 
tive in reversing fluoride inhibition, whereas 0.01 m NaF (which causes 90 
per cent inhibition of growth, but has no effect on rate of respiration or 
fermentation) is completely reversed in Z. acidifaciens by 0.005 m glucose-1- 
phosphate. The fluoride reversal technique has a feature which may not 
be appreciated at first glance. It offers perhaps the only way of getting 
phosphate esters of carbohydrates into a growing yeast cell. It has been 
shown by Rothstein and Meier (21, 22) and by Nickerson et al. (23) that 
phosphatases hydrolyzing carbohydrate esters are located on the surface 
of yeast cells. These enzymes constitute a very effective barrier to the 
entry of phosphorylated sugars into living yeast cells (22). 

Mannose-1-phosphate (M-1-P) was also found to be effective in reversing 
fluoride inhibition of growth of yeasts; some data obtained with S. cere- 
visiae, strains 18.28 and 18.29, and Z. acidifaciens are shown in Table I. 
Reversal of fluoride inhibition of yeast growth with M-1-P was found to be 
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similar to that previously found with glucose-1-phosphate (G-1-P), except 
that with Z. acidifaciens the reversal effect of M-1-P is only about one-half 
that obtained with G-1-P. However, the reversal effect with M-1-P js 


TABLE | 
Reversal of Fluoride Inhibition of Yeast Growth by Addition of Mannose-1-phosphate, 
Glucose-1-phosphate, or Oligosaccharides 


Strains of S. cerevisiae grown for 66 hours and Z. acidifaciens for 41.5 or 61 hours 
at 28° in continuously agitated culture (50 ml. of medium). 


























Growth | 
: 1 sti wuz cont of Per cent of 
Organism and culture conditions Optical den-|Dry wine }.. basal weight 
sity 1:10 mg. per 
dilution 50 ml. 
S. cerevisiae 18.28 
Basal medium (basal) 0.144 128.3 100 100 
«6+ 10°? mM NaF 0.002 15.1 1.4 11.8 
“« +107“ “ + 10°? wm M-1-P 0.054 49.0 37.5 38.3 
S. cerevisiae 18.29 
Basal medium 0.106 80.6 100 100 
«6+ 107? m NaF 0.000 5.6 0.0 7.0 
“« +107" “ +107 mu M-1-P 0.052 44.8 49.0 44.8 
Z. acidifaciens (41.5 hrs.) 
Basal medium 0.300 258.5 100 100 
«6+ 10°? mM NaF 0.010 20.3 3.0 7.8 
“eo 6+-107 6 SO 10-2? am M-1-P 0.218 169.0 72.7 65.4 
“« +107 * +107? “ G-1-P 0.428 390.4 143.6 151.9 
Z. acidifaciens (61 hrs.)* 
Basal medium 0.290 100 
«+ 0.05 mM NaF 0.009 3.3 
«  +0.05 “ ‘“ + 0.05 m trehalose 0.034 11.7 
« — +0.05 ‘* “ + 0.05 “ raffinose 0.042 14.5 
«+ 0.05 “ “ + 0.05 ‘* maltose 0.024 8.3 
“6+ 0.05 “ «6 = 0.05 ** sucrose 0.009 3.3 





M-1-P = mannose-1-phosphate, dipotassium salt; G-1-P = glucose-1-phosphate, 
dipotassium salt. 

* The readings in this series, except for plain basal medium, were made on un- 
diluted cultures (then calculated to 1:10 dilution) to obtain greater accuracy at the 
low levels of growth. 


about the same as that with G-1-P, or only slightly less than that with the 
strains of S. cerevisiae. 

Tn concentrations of fluoride as high as 0.05 certain yeasts have been 
found to grow slightly on continued incubation (Table I). All the phos- 
phoglucomutase would presumably be blocked in such media. The opera- 
tion of transglycosidations is known to be of importance in the synthesis of 
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polysaccharides in certain bacteria, fungi, and higher plants, and a trans- 
galactosidase has been obtained from a yeast preparation by Pazur (24). 
The possibility that the small residual growth observed in high fluoride 
concentrations could result from a transglycosidation has been considered. 
Limited experimental evidence has been obtained that lends some support 
to this consideration. In the presence of 0.05 m fluoride, the addition of 
equally high concentrations of certain oligosaccharides prompts a very 
limited increase in growth (the basal medium already contains 2 per cent 
glucose). Sucrose was not effective in producing an increase in growth 
(Table I). Additionally, these results demonstrate that the organisms 
studied possess no effective mechanism (i.e., fluoride-insensitive trans- 
glycosidation) for polysaccharide synthesis as an alternative to the blocked 
hexose-1-phosphate route. 

Polysaccharide Composition of Cells Grown in Presence of Fluoride and 
Reversing Substance—The methods developed for the fractionation of yeast 
polysaccharides and determination of the fractionated carbohydrates were 
applied to the cells grown on the basal medium in the presence of 0.01 m 
fluoride (fluoride cells) or in the absence thereof (normal cells) and to cells 
grown in the presence of 0.01 m fluoride with the addition of either glucose- 
l-phosphate (G-1-P cells) or mannose-1-phosphate (M-1-P cells). This 
work was undertaken to learn of any difference in the polysaccharides 
synthesized by the organisms under these different conditions. As shown 
in Tables II and III, values for total carbohydrate are very close to the 
sum of the individual carbohydrate fractions, stated as glucose units, on 
a dry weight basis. Relatively constant amounts of mannan and glucan 
were found in cells that developed in the presence or absence of fluoride, 
irrespective of the addition of hexose-1-phosphate. This finding is doubt- 
less a reflection of the fact that the synthesis of these cell wall polysac- 
charides is essential for growth (Tables IT and III). 

In S. cerevisiae, strain 18.28 (Table ITI), G-1-P cells and fluoride cells 
do not have any appreciable amount of disaccharide (trehalose) or phos- 
phate sugars, whereas normal cells contain appreciable amounts of treha- 
lose. Since sugar phosphates are not normally present in significant 
amount in yeast cells, the values for trichloroacetic acid-extractable carbo- 
hydrate shown here may safely be assumed to be trehalose. These findings 
indicate that in the presence of a high concentration of fluoride all of the 
glucose-1-phosphate which entered the cell is completely utilized in the 
synthesis of polysaccharides (the medium also contains glucose which is 
metabolized oxidatively at the fluoride concentrations used). The fluoride 
cells formed in the scant growth in the presence of 0.01 m fluoride have 
very little glycogen, whereas mannan and glucan are not depressed on a 
dry weight basis. This indicates that a drastic decrease in glycogen may 
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accompany marked inhibition of growth of the organism without any de- 
crease in the contents of mannan and glucan; the latter substances thus 
seem to be essential accompaniments to growth of yeasts. 

In S. cerevisiae, the M-1-P cells grown with mannose-1-phosphate (Table 
IT) also contain markedly less glycogen, whereas mannan and glucan are 
present in constant amount. The fluoride cells (Table IT) show distinet 
decreases in both trehalose and glycogen and even in mannan. These 


TABLE II 
Polysaccharides of S. cerevisiae Grown in Presence of Fluoride and 
Mannose-1-phosphate 
Data as micrograms of carbohydrate per mg. of dry ‘y weight of cells. 








S. cerevisiae 18.28 S. cerevisiae 18.29 
; F Carbohydrate used 107? m 102 
Carbohydrate fraction < ent oe 1o- tu | M1P| p etn | MiP 
asa asal 
medium | NaF +) +107? | nedium | NaF i| ap 
| basal | m NaF basal | mw NaF 
+ basal |+ basal 
Water-extractable | Glucose 1.6) 1.2; 3.8) 1.1) 2.7) 146 
10 % TCA-extractable |“ 27.2) 5.8 12.2 15.0) 2.4) 5.0 
Glycogen sis 122.6; 20.2 1) 143.7) 33.2) 47.5 
Mannan Mannose 173.0) 55.8 150 .2} 95.2! 19.1) 101.3 
Gluean | Glucose | 107.8) 95.9) 140.5) 95.4) 80.6) 80.9 
Sum* of fractions | Glucose + man- | 432 | 179 | 375 | 350 | 138 | 236 
nose } | 
| Calculated as | 341 | 160 | 318 | 319 | 116 | 201 
glucose | 
Total carbohydrate | Glucose | 373 189 | 355 | 351 | 112 | 254 


determined with 


whole cell : 








* The ‘‘glucose unit” is larger than the ‘‘mannose unit.’ 


strains, especially strain 18.29, are very sensitive to fluoride inhibition. 
The more sensitive the organism to the inhibitory action of fluoride, the 
less glycogen and mannan appear to be synthesized by the fluoride cells. 

Effect of Inositol on Polysaccharide Synthesis in S. cerevisiae—S. cerevisiae, 
strain 18.28, has been shown to require pantothenic acid and inositol, in 
addition to biotin, as growth factors (Dr. Alfred Schultz, personal com- 
munication). When S. cerevisiae, strain 18.28, is grown in the basal me- 
dium with the addition of calcium pantothenate and biotin, but in the 
absence of inositol, the growth is only about 70 per cent of that in the 
presence of 10 mg. of inositol per liter. This shows that the strain has 4 
slightly impaired production of inositol, and that addition of inositol re- 
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sults in a slight stimulation of growth. The addition of fluoride to the 
inositol-deficient medium inhibits the growth of strain 18.28 and also of 
strain 18.29, which does not require inositol as a growth factor. However, 
the addition of glucose-1-phosphate to the inositol-deficient medium (con- 
taining various concentrations of fluoride) shows very little reversal effect 
on strain 18.28 (Table IV). Though not shown in Table IV, the addition 
of mannose-1-phosphate similarly caused little reversal of fluoride inhibi- 
tion. 


TaBLeE III 
Polysaccharides of Yeasts Grown in Presence of Fluoride and Glucose-1-phosphate 
or Mannose-1-phosphate 


Data as | microgr ams ofe arbohy dr: ate per mg. of dry weight of cells. 





























S. cerevisiae 18.28 Z. acidifaciens 
te ea Zi a | | | [4 ~ 
4 oP Ei+ |+ .3|+% Ee i+ jt |+2 
iii : Carbohydrate used : a) i Ral gee Pe 
Carbohydrate fraction ~~ rs nit : ic yey %o| 2 Bem icetictee 
2 | 2. |22a\4a8| & | 2. |409|253 
| | = a3 =x~ 4 = | ag ape ara 
| a tv 3 5/1 Oo $ eS iso aoe 
) a | S° jeece="| 3 |b ii ail 
= ae a —|—|—_|—_ |__| — | 
Water-extractable Glucose | 0.0) 0. 0| 0. 0) 0. 0 0.9) 2. 5 4.5) 1.1 
10% TCA-extractable “ | 32.8) 0. 0} 0.0; 0.0) 38.7)| 37 2| 36. 4) 12.1 
Glycogen = | 89.8) 24.5) 67. 4 80.6) 87.6) 83.9) 80.3) 76.0 
Mannan Mannose /100.4| 95.7) 95.6)127.5} 60.0) 48.3) 55.8) 50.7 
Glucan Glucose 95.5 107.5) 75.6/104 .9/275.0/312.0\311.7/279.0 
Sum of fractions | Glucose + (319 (228 1239 313 |462 (484 |489 /419 
mannose | 


| Calculated [285 [192 [201 (275 (447 |465 470 417 
as glucose 





Total carbohydrate | Glucose 286 |208 (202 (276 |493 |500 (485 |440 
obtained from 


whole cells 


























The addition of inositol (500 y per 50 ml. of medium) to the basal me- 
dium containing fluoride had no effect on the fluoride inhibition of growth 
of this yeast. However, the addition of inositol permitted the reversal of 
fluoride inhibition of growth by glucose-1-phosphate, as shown in Table 
IV, and by mannose-1-phosphate, as shown in Table I. This phenomenon 
suggests that inositol may play an important réle in the synthesis of poly- 
saccharides in yeasts. This is of interest in view of the fact that the 
hexaphosphate ester of inositol, phytin, or phytic acid is found in certain 
plants in regions of abundant polysaccharide formation. Another possible 
téle of inositol may be postulated in the biological Walden inversion of 
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carbohydrates (25, 26). It may be significant that on a dry weight basis 
the glycogen content of fluoride-treated cells of S. cerevisiae strain 1828 
is greater when reversed with glucose-1-phosphate than when reversed with 
mannose-1-phosphate (Tables II and III), whereas an inositol-independent 


organism, Z. acidifaciens, contains almost the same amount of glycogen in 
both cases (Table ITI). 


TaBLe IV 


Effect of G-1-P on Fluoride Inhibition of S. cerevisiae 18.28, in Presence or 
Absence of Inositol 





Addition to basal medium Incubation period 











| 48 hrs. | 72 hrs. 

NaF G-1-P 
| Optical Per cent of Optical | Per cent of 
| density basal density density |basal density 








Inositol present in basal medium 





uM M 

0 0 0.154 100 
ww 0 0.010 6.5 
10-7 5 X 10-° 0.098 63.6 
107? 10°? 0.116 75.3 











Basal medium lacking inositol 























0 0 0.118 100 0.136 100 

7.5 X 10-3 0 0.000 0 0.014 10.3 
7.5 X 107% 7.5 X 10-3 0.010 8.5 0.020 14.6 
5 X 107% 0 0.006 5.1 0.014 10.3 
5 X 107° 5 X 10-3 0.010 8.5 0.020 14.6 
2.5 X 1073 0 0.008 5.9 0.020 14.6 
2.5 X 107% 2.5 X 107% 0.022 18.6 0.030 22.1 

DISCUSSION 


As shown previously (11) and by the data presented above, the failure 
of growth of organisms in the presence of fluoride and the reversal of fluoride 
inhibition with glucose-1-phosphate may be explained on the basis of the 
following reaction in a growing system. 


NaF, 


Glucose — glucose-6-phosphate —j— glucose-1-phosphate —> (1) 
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polysaccharides (growth) 
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Similarly the reversal of fluoride inhibition of growth by mannose-1-phos- 
phate may be explained by Reaction 2. 


NaF 


Glucose — hexose-6-phosphate —=!— mannose-1-phosphate — (2) 





- 


polysaccharides (growth) 


Slein (27) has found that hexose-6-phosphate isomerases, which are of 
wide-spread occurrence in microorganisms and in mammalian tissues, 
catalyze the conversion of hexose-6-phosphates to an equilibrium mixture. 


Mannan glycogen trehalose glucan 


as 


mannose-1-phosphate<{—> glucose-1-phosphate 


= —— = glucose 


mannose-6-phosphate ==- = glucose-6-phosphate 


fructose-6-phosphate 


Fic. 1. Diagram of pathways leading to polysaccharide synthesis in growing 
yeasts, illustrating loci of fluoride-sensitive reactions. 


The conversion of mannose-6-phosphate to mannose-1-phosphate must be 
inhibited by fluoride; otherwise yeasts should (in the absence of either 
glucose-1-phosphate or mannose-1-phosphate) make full growth in the 
presence of fluoride, since the reactions leading to mannose-6-phosphate 
are not inhibited by fluoride and a connection undoubtedly exists between 
G-1-P and M-1-P. Since yeasts are unable to grow in the presence of 
fluoride without the addition of hexose-1-phosphates (hexose-6-phosphates 
are not effective), good evidence is thereby obtained that the two major 
routes for hexose-1-phosphate formation are blocked by fluoride at the 
locus of phosphoglucomutase. 

Kosterlitz (28, 29) found galactose-1-phosphate in the liver of rabbits 
and in the cell-free extracts of galactose-adapted yeast and advanced evi- 
dence for the interconversion of galactose-1-phosphate and glucose-1-phos- 
phate. Subsequent study of this reaction by Leloir and colleagues (25) 
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demonstrated the participation of uridine diphosphoglucose as a coenz. 
in this Walden inversion. Considering both the wide-spread occurre 
of glucose-1-phosphate and mannose-1l-phosphate and the experiment, 
evidence presented on the equivalence of glycogen, mannan, and glucan jn 
normal yeasts and in yeasts grown in the presence of fluoride plus mannog 
1-phosphate or glucose-1-phosphate, one may reasonably believe that there 
exists an enzyme for the interconversion of glucose-1-phosphate and man- 
nose-1-phosphate. 

A summary of the data presented may suggest the scheme of polysac- 
charide metabolism in yeasts shown in Fig. 1. 


SUMMARY 


1. A new method (reversal of fluoride inhibition) of studying the syn- 
thesis of polysaccharides in growing yeasts has been presented. 

2. It has been found that the major route of polysaccharide synthesis 
in growing yeasts involves phosphorylation processes operating through 
hexose-1-phosphates. 

3. It has been shown that the inhibition of growth by fluoride is due to 
inhibition of synthesis of polysaccharides, and the site of the inhibition is 
the enzyme phosphoglucomutase. Other reactions sensitive to fluoride 
have been shown not to be affected at the concentrations of fluoride em- 
ployed. 

4. Indications that inositol plays an important réle in the synthesis of 
polysaccharides in growing systems have been presented. 

5. Evidence is advanced indicating an enzymatic interconversion of 
glucose-1-phosphate and mannose-1-phosphate. 
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CYSTINE REDUCTASE OF PEA SEEDS AND YEASTS* 


By ANTONIO H. ROMANO anp WALTER J. NICKERSON 


(From the Department of Microbiology, Rutgers University, New Brunswick, 
New Jersey) 


(Received for publication, October 7, 1953) 


The property of reducing disulfides to sulfhydryl compounds has long 
been attributed to plant and animal tissues. Tunnicliffe (1) in 1925 re- 
ported the existence, in tissue residues, of a thermostable substance capable 
of reducing disulfides. Abderhalden and Wertheimer (2) found that frog 
muscle reduced cystine. This reducing capacity was lost when the muscle 
was washed. Addition of heated extracts of yeast, muscle, or liver re- 
stored the activity. This suggested the participation of a thermostable 
coenzyme. 

Meldrum and Tarr (3) reported the existence of a system in rat blood 
and in yeast which was capable of reducing oxidized glutathione. Addi- 
tion of hexose monophosphate enhanced the activity of this system, thus 
providing circumstantial evidence for the participation of coenzyme II 
(triphosphopyridine nucleotide) in the reduction. This was borne out 
subsequently by the demonstration of glutathione reductase, an enzyme 
catalyzing the reduction of oxidized glutathione to glutathione by co- 
enzyme II. This enzyme has been demonstrated in pea seeds by Mapson 
and Goddard (4, 5), in wheat germ by Conn and Vennesland (6, 7), and in 
rat liver by Rall and Lehninger (8). Glutathione reductase is without 
activity toward cystine and does not utilize reduced diphosphopyridine 
nucleotide (DPNH) for reduction of oxidized glutathione (5, 7). 

This paper reports the existence of an enzyme in pea seeds and yeasts, 
catalyzing the reduction of cystine to cysteine by reduced coenzyme I 
(DPNH). A preliminary announcement of this finding has been made (9). 


~_ COOH COOH 
H.N—C—H H;NC—H H:N—C—H + DPN* 
| 2 
i CH: + DPNH + H+ CH: 
| | 
a SH 





*Paper of the Journal Series, New Jersey Agricultural Experiment Station, 
Rutgers University, The State University of New Jersey, Department of Micro- 
biology. This investigation was supported in part by a research grant from the 
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The reaction may be indicated as shown in the accompanying diagram. 
Similar activity has also been found in extracts of hog liver, but the enzyme 
activity is complicated by the presence of a very considerable thermostable 
reducing activity of the type described by Tunnicliffe (1); the properties 
of the cystine reductase system of hog liver will be described in a subsequent 
communication. 


Materials and Methods 


Enzyme Preparations from Pea Seeds—Extracts with cystine reductase 
activity were prepared as follows: Air-dried, ungerminated pea seeds 
(Topper variety) were ground to a powder in a hammer mill. The powder 
was extracted with a 5-fold weight of acetone in the cold and filtered. The 
acetone powder thus obtained was found to be stable for long periods when 
stored in the cold. The enzyme preparation was made by extracting the 
acetone powder with a 5-fold weight of 0.025 m phosphate buffer, pH 6.2, 
for 30 minutes in the cold, followed by removal of cell débris by centrifu- 
gation. 

Acetone Powders of Yeasts—Cells of Candida albicans strain CBS 35.1.1 
and C. albicans strain IHM 806, a permanently filamentous mutant, were 
obtained in quantity by growing them in a medium containing 1 per cent 
glucose, 1 per cent glycine, and 0.1 per cent yeast extract in 10 liter bottles 
with continuous aeration. Bakers’ yeast was obtained from The Fleisch- 
mann Company in the form of pressed, starch-free pound cakes. Acetone 
powders of the three yeasts were prepared according to the method of 
Albert as given by Umbreit, Burris, and Stauffer (10). 

Cell-Free Extract of Bakers’ Yeast—A small amount of cell-free extract of 
bakers’ yeast was obtained by grinding a 20 per cent suspension of yeast 
‘in phosphate buffer, pH 6.2, with powdered glass in a micro homogenizer 
designed by Brendler (11) and manufactured by E. Machlett and Son. 

Reagents—The cystine used in these studies was L-cystine, reagent grade, 
obtained from Merck and Company. Diphosphopyridine nucleotide 
(DPN, coenzyme I) obtained from the Schwarz Laboratories was 65 per 
cent pure and was triphosphopyridine nucleotide-free. A sample of tri- 
phosphopyridine nucleotide (TPN, coenzyme II, 65 per cent pure) was 
generously provided by the Armour Laboratories. DPN and TPN were 
reduced with sodium hydrosulfite, according to the method of Hogeboom 
and Barry (12). 

Reaction Conditions—All reactions were carried out under anaerobic 
conditions in 250 ml. filter flasks. The materials were added to the flasks, 
the volume of liquid was brought to 40 ml. with 0.025 m phosphate buffer, 
pH 6.2, and 1 ml. of toluene was added to each flask to prevent microbial 
growth. The flasks were then tightly stoppered, evacuated through the 
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side arm, then flushed, and filled with nitrogen. The reactions were 
stopped by the addition of 2 ml. of 10 per cent phospho-24-tungstic acid 
(Merck) in 5 per cent HCl. The protein precipitate thus obtained was 
removed by sedimentation. 

Analytical Methods—The sulfhydryl contents of the deproteinized fil- 
trates were determined by titration with 0.005 Nn iodine and by the colori- 
metric, phospho-18-tungstic acid method of Shinohara (13). The phos- 
pho-18-tungstic acid was prepared by the method of Folin and Marenzi 
(14). 


EXPERIMENTAL 


Cystine Reductase Activity of Pea Seed Extracts—The presence in pea 
sed extracts of a thermolabile system capable of reducing cystine is 
brought out in Table I. It is seen that the addition of cystine to a heated 
preparation caused no increase in iodine demand; the addition of cystine 
toan unheated preparation resulted in more than a 3-fold increase. Dialy- 
sis of the enzyme preparation against phosphate buffer for 4 hours removed 
the activity. The activity was restored by the addition of a portion of the 
undialyzed enzyme preparation that had been boiled and filtered. It is 
seen (Table I) that neither the dialyzed preparation nor the heated un- 
dialyzed preparation had any activity; a combination of the two resulted 
in good activity. 

Thus, the participation of a thermostable coenzyme in the cystine reduc- 
tion was established. This coenzyme was identified as reduced coenzyme 
I (diphosphopyridine nucleotide). Table I shows that when reduced co- 
enzyme I was substituted for the boiled and filtered preparation activity 
was restored to the dialyzed preparation. Other substances tested for 
activity in this system, and found to be inactive, included metal ions (Mg, 
Mn, Zn, Fe++, Co, and combinations thereof), ash of the dialysate, ribo- 
flavin, thiamine, adenylic acid, ribonucleic acid, and biotin. Reduced 
coenzyme II was inactive in the cystine reduction system. 

Cystine Reductase Activity of Bakers’ Yeast—A coenzyme I-linked cystine 
reductase system was also demonstrated in bakers’ yeast and in two strains 
of the pathogenic yeast C. albicans. Acetone powders of the yeasts lost 
their cystine-reducing capacity when washed with distilled water. This 
reducing capacity was restored by the addition of boiled washings of the 
yeast or the addition of reduced coenzyme I. The results of one such 
experiment are shown in Table II. 

Spectrophotometric methods were also employed to establish the utiliza- 
tion of reduced coenzyme I. The rate of oxidation of reduced coenzyme I 
was determined by measuring the disappearance of the absorption maxi- 
mum of the reduced coenzyme at 340 mu with a Beckman quartz spectro- 
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photometer, model DU. In these studies, cell-free extracts of yeast, re- 
duced coenzyme I, and cystine were added directly to the cuvettes to make 
a total of 3 ml. The results of one such study are shown in Fig. 1, 
Curve A represents the rate of oxidation of reduced coenzyme I to which 
were added a heated cell-free extract and a saturated cystine solution. The 
rate of oxidation of the coenzyme was negligible. Curve B represents the 


TaBLeE I 
Enzymatic Reduction of Cystine by Pea Seed Extracts 
































Contents of flasks Sulfhydryl determination 
Titration a 
ae) See | et | cme Other addition is 
0.005 N or GssG Cysteine 
odine reduced ound 
ml. ml, ml. mg. mg. ml. mg. mg. 
20 12.65 
20 72 41.35 | 17.4 
20 12.60 
20 72 12.65 | 0.0 
20 13.10 
20 88.4 GSSG 22.85 | 15.0 
20 88.4 ‘© + 0.44 fradi-| 21.95 | 13.6 
cin 
20 1.05 
20 96 foes Oh fT 
5 20 96 14.10 7.9 
5 96 1.19 0.0 
20 90 1.66 0.00 
5 90 1.01 0.50 
5 20 90 12.97 6.85 | 6.90 
20 90 0.56 DPNH 5.77 2.49 | 3.00 








GSSG = oxidized glutathione. 


rate of oxidation of reduced coenzyme I to which was added a fresh cell-free 
extract, but no cystine. There was a slow rate of oxidation of reduced 
coenzyme I, which was occasioned by substances contained in the cell-free 
extract. Curve C represents the rate of oxidation of reduced coenzyme I 
to which were added fresh cell-free extract and a saturated cystine solution. 
It is apparent that the addition of cystine greatly accelerated the oxidation 
of reduced coenzyme I in the presence of the cell-free extract of bakers’ 
yeast. 

Although the glutathione reductase system is present in acetone-dried 
yeast powders (Table II), the TPNH-glutathione reductase system 12 
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dialyzed yeast extracts is without activity toward cystine (Fig. 2). That 
reduced coenzyme II was not utilized in the cystine-reducing system of 
yeast is also brought out in Fig. 2. To solutions of the reduced coenzymes 
were added equal portions of the fresh cell-free yeast preparation and a 
saturated cystine solution. Reduced coenzyme I was rapidly oxidized, 
whereas reduced coenzyme IT was not appreciably oxidized. 


TaBLeE II 
Enzymatic Reduction of Cystine by Acetone-Dried Bakers’ Yeast 












































Contents of flasks es 
Washed, | poited | a _ Cystine 
Bish yout | poo Sm ag aniiiens | Cystine Other addition = pad mee | 
12 hrs. incubation 
mil. ml. ml mg. mg. ml. mg. 
1.0 21.30 
1.0 80 GSSG 29.70 12.9 
1.0 | 80 “ -+ 2 fradicin 31.40 | 15.5 
13 hrs. incubation 
1.0 | 0.70 
1.0 90 0.90 0.1 
1.0 10 | 90 7.60 4.2 
5 hrs. incubation 
2.0 | 90 1.68 | 1.0 
2.0 | 90 0.78 DPNH 8.35 5.05 

















Effect of Cysteine-Reversible Antibiotics on Disulfide Reduction System— 
Itis known that the antimicrobial effects of penicillin (15, 16), streptomycin 
(I7), and fradicin (18) are reversed by the addition of cysteine or gluta- 
thione to the culture of the microorganism affected. On the assumption 
that the locus of action of these antibiotics might well be against cystine 
reductase (or against glutathione reductase), the substances were incorpo- 
tated individually in reductase-substrate test systems. With streptomycin 
and fradicin (at levels from 12 to 50 y per ml.) no inhibitory effect on 
tystine reductase (nor on glutathione reductase) was detected (Tables I 
and IT), With penicillin, in a similar range of concentration, a striking 
increase in iodine demand was found. The effect proved to be due not 
oa stimulation of cystine reduction, but to the action on penicillin of the 
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Fic. 1. Rate of oxidation of DPNH by a heat-labile cystine-reducing system. 
Curve A, 1 ml. of heated cell-free extract of bakers’ yeast + 1 ml. of DPNH solution 
(280 y) + 1 ml. of saturated cystine solution in 0.025 m phosphate buffer; Curve B, 1 
ml. of cell-free extract of bakers’ yeast + 1 ml. of DPNH solution (280 y) + 1 ml. of 
buffer; Curve C, 1 ml. of cell-free extract of bakers’ yeast + 1 ml. of DPNH solution 
(280 y) + 1 ml. of saturated cystine solution in buffer. 
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Fic. 2. Rates of oxidation of DPNH (coenzyme I) and TPNH (coenzyme II) in 
the yeast cystine reductase system. 
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acidic substances employed as protein precipitants (phospho-24-tungstic 
acid or metaphosphoric acid); the iodine demand due to penicillin was also 
obtained when dilute hydrochloric acid was substituted for the acidic pro- 
tein precipitants. We have been unable to find any report on the inter- 
ference of penicillin with iodine titrations on acidified samples and include 
mention of it here because of the possibility of confusion resulting from it. 
Apparent values for thiol substances in clinical determinations might well 
be found too high if taken after penicillin therapy. Penicillin is known 
to be converted to penillic acid, a reducing substance, by incubation at pH 
2to 3 for a few hours at room temperature (19). 


DISCUSSION 


The specificity of glutathione reductase with respect to substrate and 
reduced coenzyme II (5, 7, 20) is paralleled by the specificity of cystine 
reductase of pea seeds and yeasts with respect to substrate and reduced 
coenzyme I. Mapson (20) has confirmed our preliminary report (9) on 
the specificity of DPNH for cystine reduction by dialyzed acetone powder 
preparations of pea seeds. 

The demonstration of a cystine reductase catalyzing the transfer of 
hydrogen from DPNH to cystine reveals a second mechanism that a cell 
has at its disposal for the maintenance of thiol groupings. Presumably, 
both glutathione reductase and cystine reductase are mechanisms that 
operate especially while the cell is metabolizing glucose (or other metabolite 
leading to the formation of DPNH or TPNH) and thus are connections 
between carbohydrate metabolism and sulfhydryl group maintenance. In 
our studies on the separation of cellular division from cellular growth of 
yeasts (21, 22), evidence was obtained that such connections existed 


and were of importance for the maintenance of cellular division in these 
organisms. 


SUMMARY 


The enzymatic reduction of cystine to cysteine has been demonstrated. 
The enzyme has been termed cystine reductase and has been shown to 
catalyze the transfer of hydrogen from DPNH to cystine. Cystine re- 
thictase activity has been demonstrated in preparations from pea seeds and 
two different strains of yeasts (bakers’ yeast and Candida albicans). Cys- 
tine is not reduced by the glutathione reductase-TPNH system of pea 
seeds or yeasts. Cystine reductase and glutathione reductase are not 
inhibited by penicillin, streptomycin, or fradicin. An anomalous effect 
of penicillin, resulting in an apparent increase in cystine reduction, was 
traced to an action of acidic protein precipitants on penicillin whereby an 
iodine demand proportional to the concentration of penicillin is produced. 
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ISOLATION OF OLIGOSACCHARIDES ENZYMATICALLY 
PRODUCED FROM HYALURONIC ACID* 
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In earlier work application of carbon column chromatography to the 
products resulting from hydrolysis of umbilical cord hyaluronic acid by 
testicular hyaluronidase yielded fractions differing in average molecular 
weight (2). Monosaccharides were not detected in any of the digests, 
equivalence of hexosamine and uronic acid content was demonstrated in 
all fractions, and the constancy of certain end-group values was established. 
It was concluded that purified preparations of the enzyme hydrolyzed the 
polymer to oligosaccharides, in agreement with earlier workers, and that 
only the glucosaminidic linkages were affected, the uronidic linkages re- 
maining intact. 

The present report is concerned with the application of ion exchange 
and paper chromatography to the isolation of the individual oligosaccha- 
rides, and with the determination of their molecular sizes, as well as with 
the development of analytical methods suitable for their estimation in 
mixtures. The oligosaccharides isolated are designated oligosaccharides I 
to VII, in order of increasing size. 


EXPERIMENTAL 


Materials—The sodium hyaluronate, prepared from human umbilical 
cord, gave analytical values within the limits described elsewhere (3); the 
ethereal sulfate content was less than 0.5 per cent. The testicular hyal- 
uronidase, a commercial preparation kindly supplied by Dr. Joseph Seifter 
of the Wyeth Institute of Applied Biochemistry, Philadelphia, assayed (4) 
at about 1500 turbidimetric reducing units per mg. The “24 hour digests,” 
used as the source of oliogosaccharides II through VII in the paper and ion 
exchange isolations, were prepared by incubation at 37° of sodium hyalu- 
ronate at 20 to 50 mg. per ml. with enzyme at 0.5 mg. per ml. in 0.1 m 
acetate buffer, pH 5, 0.15 m in sodium chloride, containing 1 mg. per ml. 


* This work was supported by grants from the National Institutes of Health and 
the Helen Hay Whitney Foundation. Part of the work has been reported in a pre- 
liminary communication (1). 


t Present address, Department of Medicine, Mount Sinai Hospital, New York 29. 
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of gelatin. The “exhaustive digest,” used as the source of oligosac- 
charides I through III in the alcohol fractionation, was incubated for 5 
days (toluene), fresh enzyme additions of 0.5 mg. per ml. being made every 
day. (Tests of similar digests for aerobic or anaerobic bacterial contami- 
nation were negative.) 

Analytical Methods—Most of the methods have been referred to pre- 
viously (2, 3). The term Elson-Morgan color yield as used in this paper 
refers to the color given by saccharides having free reducing groups of the 
hexosamine or acetylhexosamine type with acetylacetone and dimethyl- 
aminobenzaldehyde (2). Acetylglucosamine is used as the color standard. 
For estimation of oligosaccharides in column work, the Brown modifica- 
tion (5) of the orcinol reaction was used, with a 30 minute boiling time and 
measurement at 660 my (6). A dry 24 hour digest preparation (3) con- 
taining 41 per cent uronic acid was arbitrarily chosen as the standard 
substance, and results were reported as mg. of substance. Trials with the 
regular series of oligosaccharides showed that their individual color yields 
in this reaction, while considerably lower than that of the equivalent free 
uronic acid, nevertheless were proportional to their uronic acid content 
within precision of the method (about 5 per cent). Presence of formic 
acid in concentrations as high as 2 m introduced less than 10 per cent error. 

The Willstatter-Schudel hypoiodite reducing sugar method generally 
gives stoichiometric oxidation of reducing oligosaccharides to the corre- 
sponding aldonic acids and is commonly used for estimating molecular 
weight. However, the iodine consumption of N-acetylhyalobiuronic acid 
(7) and N-acetylglucosamine, used as models, varied several fold with 
changes in the ratio of oxidant to sugar, the reaction time, and the rate of 
alkali addition. With the milder hypoiodite method of Macleod and 
‘Robison (8), in which sodium carbonate rather than sodium hydroxide is 
used, the results obtained varied less than 5 per cent for 2-fold increase of 
oxidant te compound ratio or reaction time for the conditions following. 
The sugar in 1 ml. of water was added to 1.00 ml. of 0.02 N iodine solution, 
the amount of sugar consumed not more than one-third of the iodine. 
With continuous stirring, 0.5 ml. of 0.1 m sodium carbonate solution was 
added dropwise over 1 to 1.5 minutes. The stoppered vessel was left in 
the dark for 30 minutes, and its contents were acidified and titrated with 
standard thiosulfate. N-Acetylglucosamine consumed 2.0 equivalents of 
iodine per mole, presumably yielding N-acetylglucosaminic acid. N-Ace- 
tylhyalobiuronic reproducibly consumed 3.2 equivalents, giving unknown 
products.! 


1 The use of sodium carbonate-bicarbonate buffer (9) with the hypoiodite reac- 
tion over prolonged periods at 5° also produced overoxidation with the disaccharide 
and afforded no advantage. 
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Paper Chromatography—Of the solvent mixtures tried, the one which 
gave most satisfactory resolution was butanol-acetic acid-water (10) in the 
ratios 50:15:35 and 44:16:40 (single phase systems), used with downward 
irrigation for 24 to 72 hours on Whatman No. 1 paper. Developer which 
contained less water (57:14:29) was too slow, although excellent for use 
with mono- and disaccharides. Smeared results were frequently obtained 
with developer containing more water. The oligosaccharides all stained 
sensitively with the Elson-Morgan reagents (acetylacetone-dimethylamino- 
benzaldehyde) (10). No sugars having end-groups other than the acetyl- 
glucosamine type were detected with aniline trichloroacetate reagent (11). 
This reagent gave poor sensitivity with the oligosaccharides. 


->w iw ww I 
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Fie. 1. Paper seieattiiaaeeeaa showing the type of results obtained on 24 hour 
digestion (A) and exhaustive digestion (B) of hyaluronic acid with testicular hyal- 
uronidase. The intensity of the’ spots is indicated by shading. The spots corre- 
spond to individual oligosaccharides, designated by Roman numerals. 
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Patterns yielded by a typical 24 hour digest and an exhaustive digest 
are illustrated in Fig. 1. The mobilities of the oligosaccharides which have 
been resolved are given in Table I. 

In preparative paper work, a 24 hour digest at 50 mg. per ml. was ap- 
plied twice along the starting line of thick filter paper sheets (Whatman 
No. 3 MM) in 10 ul. spots at 1 cm. intervals, and the papers were irrigated 
downward for 60 hours with the 44:16:40 developer. Narrow guide strips 
cut at close intervals were stained. The remaining paper was cut accord- 
ingly when resolution was sufficient (fair through oligosaccharide VII in 
some runs), and the bands were eluted with water. The eluates were 
lyophilized, redissolved, passed over Dowex 50 Na,? treated with a little 
decolorizing carbon, and lyophilized again. The properties of the prepara- 
tions (P-II through P-VII) are given in Table I. 

Application of the paper technique for semiquantitative purposes was 
efiected by running each mixture (usually 200 y) in duplicate in adjacent 
lanes of a paper chromatogram. One lane was stained as a guide for 
cutting its duplicate. After air drying at least 24 hours, the piece of 


* Sulfonated polystyrene resin, The Dow Chemical Company, Midland, Michigan. 
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paper containing each spot was eluted with water (2.5 ml.). Uronic acid 
in each eluate was determined by the Dische carbazole reaction. A piece 
of paper from a region containing no material (usually between oligosac- 
charides I and IT) was also eluted and served as a blank correction. When 
the eluates were carefully freed of lint, this correction per spot was less 
than 3 per cent of the total uronic acid. Total recovery of uronic acid 
was usually 90 per cent. The proportion of each component was reported 
as the per cent of total recovered uronic acid. The accuracy of this method 


TABLE [ 


Mobility on Paper of Oligosaccharides and Properties of Preparations Isolated by 
Paper Chromatography (Butanol-Acetic Acid-Water Solvent) 





























Mobility on paper | Reducing value 

| ~— ate Per cent —————= 
Prepara- | uronic Macleod-Robison | ; | color, 
ton We | <a. |——__—| f,| 2h 

35 per cent Hx | 40 per cent H:0| (Dische) sont Equiva- per cent |  cosamine 

per mg. sor aniat glucose | 
Rr | R:z* Rr | Rz* 

I 0.29 | 1.75 | 0.34 | 
P-II 0.15 |(1.00)} 0.19 | (1.00) 33.9 3.19 | 3.64 37 45 
P-III | 0.08 0.58 | 0.12 | 0.67 43.4 2.43 3.27 35 42 
P-IV | 0.28 | 0.07} 0.41} 41.1 | 1.71 | 3.23 | 28 35 
PV | |0.13 10.26 | 40.3 | 1.23 | 3.00 | 22 25 
P-VI | | 0.16| 40.3 | 1.10 | 3.17 | 148 23 
P-VII | 0.09 | 37.1 | 0.93 | 3.40 4 | 19 











* R, is the relative mobility on paper (based on assignment of Rz 1.00 for oligo- 
saccharide II) in chromatograms in which the solvent was run beyond the edge of 
.the paper for greater resolution. 

+ For method of calculation, see foot-note 7. 


was limited for oligosaccharides larger than IV by the poor resolution of 
these when applied to paper in amounts exceeding 20 to 50 y. 

By this method, a typical 24 hour digest (Fig. 1, A) contained (in per 
cent), oligosaccharide I, 1; oligosaccharide II, 29; oligosaccharide ITI, 31; 
oligosaccharide IV, 22; oligosaccharide V and larger, 17. A typical ex- 
haustive digest (Fig. 1, B) contained oligosaccharide I, 10; oligosaccharide 
II, 74; oligosaccharide III, 10; oligosaccharide IV, 6. 

Ion Exchange Chromatography (12, 6, 13)—Dowex 1 X 10,* 200 to 400 
mesh, was suspended in water; resin of settling time 0.5 to 10 minutes was 
selected for the preparative columns below, and resin of settling time 10 
to 30 minutes was selected for the analytical columns. The resin, after 


3 Polystyrene-quaternary ammonium salt resin, 10 per cent cross-linkage, The 
Dow Chemical Company. 
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being washed with strong hydrochloric acid and water, was converted to 
the formate with sodium formate (13) and washed with water. Good 
resolution of the digest oligosaccharides was achieved on columns of this 
resin with dilute formic acid as developer. In Fig. 2 are presented the 
results obtained with a small preparative column, 0.64 cm.? X 5.5 cm., to 
which were applied 5 mg. of sodium glucuronate, 10 mg. of N-acetylhyalo- 
biuronic acid (oligosaccharide I; see below), and digest from 40 mg. of 
sodium hyaluronate. Negligible amounts of material were removed by 
washing with water (20 ml.); 270 ml. each of 0.015 m, 0.05 m, 0.15 m, 0.3 
u, 0.5 m, and 0.8 m formic acid were used as developer; 10 ml. eluate 
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Fig. 2. Ion exchange separation on Dowex 1 formate of glucuronic acid and the 
2% hour digest oligosaccharides (enriched in oligosaccharide I). Development with 
dilute formic acid; concentration changed in steps as indicated. 


fractions were collected and assayed by orcinol colorimetry. The material 
in each peak, pooled, concentrated, and examined by paper chroma- 
tography, showed only one spot per peak. Other experiments showed 
that oligosaccharide VI moved as a peak with 1.0 m formic acid. 
Properties of oligosaccharides II through VI (Pieparations R-II through 
R-VI) separated by larger scale application of this technique are given in 
Table II. Formic acid was carefully removed from these preparations by 
concentration in vacuo, followed by repeated addition of water and concen- 
tration to dryness; the glass resulting from lyophilization, finely powdered, 
was dried for several weeks over sodium hydroxide at 0.1 mm. Finally, 
the preparations were redissolved, treated with decolorizing carbon, con- 
verted to sodium salts by passage over Amberlite IRC-50, Na,‘ lyophilized, 
powdered, and dried over phosphorus pentoxide. Oligosaccharide II was 


‘Carboxylic acid exchange resin, Rohm and Haas Company, Philadelphia. 
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obtained pure (see below). The homogeneity of the remaining prepara- 
tions was tested by the column technique described below. Preparation 
R-III contained 4 per cent of oligosaccharide IV as an impurity; Prepara- 
tion R-IV contained 1 per cent oligosaccharide III, 10 per cent oligosae- 


TaBLeE II 


Properties of Oligosaccharides Separated by Ion Exchange Resin Chromatography 
and by Ethanol Fractionation 

















Per cent uronic acid* Reducing value 
Optical heat a 
ee dete | con. Dische | hexosamine* | Macleod: | Feri. | mes cent 
metric laatsic om ng p hoag glucosamine 
degrees 

S-It —32 49.2 48.6 41 8.2 65 87 
(48.9) (45.1) 

R-IIt —5l1 49.5 48.9 43 4.42 53 68 
(50.0) (46.1) 

R-III —63.5 47.0 46.4 41 2.78 38 50 
(47.7) (44.0) 

R-IV —62 44.4 42.9 39 2.05 27 37 
(47.8) (44.1) 

R-V —68 48.2 45.7 41 1.74 22 31 
(47.9) (44.2) 

R-VI —65.5 45.8 43.7 39 1.28 15 21 
(48.0) (44.3) 

E-I§ —34 44.0 58 97 

E-II —54 49.5 3.81 51 69 

E-III 45.6 2.30 33 49 























* The values in parentheses are calculated values (see “Discussion”’). The prepa- 
rations are sodium salts, except as indicated. 

¢ N-Acetylhyalobiuronic acid prepared by ketene acetylation (7) of the crystal- 
line disaccharide. 

t Crystalline free acid. The optical rotation is an equilibrium value; the cor- 
responding value for the pure sodium salt is —58°. 

§ Free acid. 


charide V; Preparation R-V contained 3 per cent oligosaccharide VI; Prep- 
aration R-VI contained 2 per cent oligosaccharides IV and V, 5 per cent 
oligosaccharide VII. 

Convenient operation and good reproducibility in analytical application 
of the ion exchange chromatography described above resulted from use of a 
gradient technique (i.e., continuous change of developer) and a siphon- 
operated fraction collector. Formic acid solution was allowed to flow 
from a reservoir into the inlet of a closed mixing vessel (14, 13) initially 
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containing a measured volume of water; the outlet of the mixing vessel led 
to the top of the column. The sharpness of the peaks and the degree of 
resolution obtained depended on the amount, granulation, and loading of 
the resin, the volume of liquid in the mixing vessel, and the rate of flow 
and concentration of the formic acid solution added from the reservoir. 
Good resolution through oligosaccharide IX was obtained with a set of 
conditions referred to as Standard Column A. In a typical run, the results 
of which are plotted in Fig. 3, a digest from 25 mg. of hyaluronate without 
removal of enzyme, salts, or gelatin was placed on a column containing 4 
ml. settled volume of resin (4.0 gm. of moist resin from a stock container), 
and the column was washed with water (20 ml.). Gradient development 
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Fic. 3. Ion exchange separation on Dowex 1 formate of the 24 hour digest oligo- 
saccharides. Development with dilute formic acid; concentration changed con- 
tinuously (gradient elution). 


was applied, 2.0 m formic acid being run into the mixing vessel which con- 
tained 500 ml. of water initially, and two 10 ml. fractions per hour were 
collected. j 

Collection of fewer fractions with some sacrifice of resolution above 
dligosaccharide VI was possible with a modified set of conditions, described 
as Standard Column B. Here, the settled resin volume was 2 ml. (2.00 
gn. of moist resin), the mixing volume 350 ml., and 2.0 m formic acid was 
added to the mixing vessel; one 10 ml. fraction was collected per hour. In 
tither column, the peaks did not shift by more than one tube from one 
tin to another. In Standard Column B the peaks appeared as follows: 
digosaccharide I, Tube 3; oligosaccharide II, Tube 8; oliogosaccharide III, 
Tube 13; oligosaccharide IV, Tube 18; oligosaccharide V, Tube 23; oligo- 
saccharide VI, Tube 27; oligosaccharide VII, Tube 32; oligosaccharide 
VIII, Tube 36; oligosaccharide IX, Tube 40. 


XUM 
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Ethanol Fractionation—An exhaustive digest from 7.5 gm. of sodium 
hyaluronate was freed of enzyme and salts by alcohol precipitation and 
carbon adsorption as described earlier (3). By elution of the carbon col- 
umn (40 gm. of Darco G-60) with 15 per cent aqueous ethanol (600 ml.), 
Fraction A (0.3 gm.) was obtained. Paper chromatography indicated that 
this fraction contained the major portion of oligosaccharide I present in the 
digest and also a considerable amount of oligosaccharide II. Further elu- 
tion of the carbon by aqueous pyridine gave chiefly oligosaccharide II, 
0.7 gm. Systematic fractionation of the 80 per cent ethanol precipitate 
(3), 6.1 gm., by aqueous ethanol after prior conversion to the barium salt 
gave an oligosaccharide II preparation (E-II, collected as the sodium salt, 
2.5 gm.) and a small oligosaccharide III preparation (E-III, sodium salt, 
0.06 gm.). The properties of these appear in Table II. Both were homo- 
geneous to paper chromatography, and Preparation E-III was also homo- 
geneous to ion exchange chromatography. Preparation E-II, however, 
contained a minor component, not yet investigated (oligosaccharide II-A) 
which had the same paper mobility as oligosaccharide II, but moved more 
slowly on the resin column. This component has been found in clearly 
detectable amount only in exhaustive digests. 

Characterization of Oligosaccharide I (Disaccharide)—Further fractiona- 
tion by aqueous ethanol of Fraction A as the barium salt gave material 
containing only little oligosaccharide II. This oligosaccharide I prepa- 
ration (E-I, free acid, 0.08 gm.) had the properties shown in Table IT, in 
fair agreement with those of N-acetylhyalobiuronic acid (Preparation S-I) 
from crystalline disaccharide (7), and had the same mobility on paper. 
When 50 mg. of Preparation E-I were allowed to stand in the cold with 
0.03 m methanolic hydrogen chloride for 2 days, neutralized with pyridine, 
‘the solvent removed, and the residue acetylated in the cold with acetic 
anhydride and pyridine, there were isolated 46 mg. of heptaacetylhyalo- 
biuronic acid methyl ester (ethanolate), having melting point, mixture 
melting point, and rotation identical with those previously reported (7). 

Crystalline Oligosaccharide II (Tetrasaccharide)—On concentration in 
vacuo of the dilute formic acid eluate containing oligosaccharide II result- 
ing from the preparative ion exchange column, some of the residue crystal- 
lized on the wall of the flask. When seeded, almost the entire batch slowly 
crystallized from water-ethanol. The sharp single needles were collected, 
washed with ethanol-water, methanol, ether, and air-dried. The com- 
pound decomposed above 200° without melting. Its solubility in water at 
room temperature was roughly 5 per cent; it was slightly soluble in meth- 
anol, insoluble in ethanol or ether. The crystals, when dried over phos- 
phorus pentoxide at 25° or 60°, lost weight slowly, and at 110° rapidly; 
the loss, not determined with precision, corresponded to 3 molecules of 
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water. The rotation, analyses, and values in Table II (Preparation R-II) 
are reported on a dry basis. 


CosHysO23N2 (776.68) 
Calculated. C 43.2, H 5.66, N 3.61, CH;CO 11.1, neutral equivalent 388.3 
Found. “s,s, “Se, “ i184, “ &e 381 


The optical rotation was [a]?” —41° (initial), —53° (final, 5 hours) 
(c 2.00; H.O). Potentiometric titration indicated two poorly resolved 
constants, pKy’ 2.8, pK,’ 3.6. 


DISCUSSION 


For all oligosaccharide fractions, the molar ratio of uronic acid to hexo- 
samine content is unity within experimental error (Table II). From this, 
and from the Elson-Morgan color reaction, it follows that all the species 
considered must consist of multiples of 1 disaccharide unit (2) as repre- 


COOH CH,OH COOH CH,0H 

1°) ° ° ° 
H oO H/H o 4 H o WH H 
HO\OH H Hi H/H H/H HO H/OH 
H OH H NHAc H NHAc 


H OH n-1 
(GA) (AcGN) (GA) (AcGN) 
Fig. 4. Representation of the oligosaccharides produced by the action of purified 
testicular hyaluronidase. (GA, glucuronic acid; AcGN, N-acetylglucosamine; n, 
number of disaccharide units or degree of polymerization.) 


sented in Fig. 4.5 Oligosaccharide I is a disaccharide of demonstrated 
structure (Fig. 4, n = 1; (7)). Evidence has not yet been considered for 
the molecular sizes of oligosaccharide II, a crystalline compound of con- 
cordant analyses, and of the chromatographically homogeneous higher 
oligosaccharides. 


When it is assumed that n in Fig. 4 has the regular values 1, 2, 3... .7, 
a linear relationship is obtained between log a’, a function of the paper 
mobility of the oligosaccharides and their degree of polymerization® (Fig. 


5 The position of the uronidic linkage shown in Fig. 4 has been demonstrated (7). 
The position of the glucosaminidic linkage in these oligosaccharides is arbitrarily 
represented and is not known, as most of these linkages have undoubtedly been 
formed during the enzymatic hydrolysis by a process of transglycosidation (1). 

‘Since the Rr values of the higher oligosaccharides are so small as to make their 
direct measurement inaccurate, advantage has been taken of the well known pro- 
portionality between Ry and R, (mobility relative to an arbitrarily chosen standard 
substance). The Rp values used in Fig. 5 have accordingly been computed from R-z 
values measured in chromatography of long duration in which the solvent front was 
allowed to run off the paper. Oligosaccharide II is the standard substance (Rz 1.00), 
and its Rp value is used as the proportionality constant, (Rr), = (Rz)n X (Rr)n. 
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5). Such linearity prevails within each of the known polymer-homologous 
series of glucose and fructose oligosaccharides and has a basis in theory 
(15). Moreover, series of known oligosaccharides having the same com- 
ponents but differing in linkage type differ likewise in mobility (15). This 
would imply that the present oligosaccharides contain only one type of 
linkage and therefore constitute a series of pure chemical individuals. In 
the absence of additional evidence, however, such a conclusion must be 
approached with caution. 

On the other hand, the conclusion that each fraction is of uniform and 
known molecular size may be considered to be safely established. Support 
for the molecular size assignment of greater generality than the paper 
mobility is given by the observed constancy of end-group values when 
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DISACCHARIDE UNITS 


Fig. 5. Relationship between mobility on paper and degree of polymerization of 
the 24 hour digest oligosaccharides. (Semilog plot; O, developer containing 35 per 
cent water; @, developer containing 40 per cent water.) 


- computed on a molar basis’ (Table III). Except for irregularities between 
the di- and tetrasaccharides (oligosaccharides I and II), the molar Elson- 
Morgan color yield and ferricyanide reducing power are constant within 
reasonable limits. In both methods hot sodium carbonate solutions are 
used; the irregularity between di- and tetrasaccharide parallels the increase 
in molar reducing value in going from glucose to its disaccharide deriva- 
tives (16), and may reflect the increase in reducing value known to occur 
in hot alkaline solutions of testicular hyaluronidase digests (17). How- 


7 There is apparently heavy contamination, as judged from low uronic acid values, 
of the preparations from paper chromatography (especially Preparations P-II and 
P-VII) with substances extracted from the paper itself. The ion exchange prepara- 
tions have accordingly been selected as more suitable for end-group analysis. How- 
ever, the trends of Table II are followed by those of Table I, perhaps even more faith- 
fully than might be expected. The molar values of Table III are computed as 
follows, where n is the number of disaccharide units and 194 is the molecular weight 
of uronic acid: value per mole = (100 (194n) (value per gm.))/(per cent uronic acid). 
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ever, the absence of a continued drift through the series seems to rule out 
alkali lability of glycosidic bonds as an explanation. Of perhaps greatest 
value are the results given by the Macleod-Robison reducing method (cold 
hypoiodite). The nature of the reaction in which 3.2 to 3.6 equivalents of 
oxidant are consumed is of course not clear; perhaps the reaction occurring 
consumes 4 equivalents and is incomplete. N-Acetylglucosamine, pre- 
sumably a closely analogous model, consumes 2 equivalents of oxidant, as 
do the commoner aldoses. In any case, the constancy throughout a series 
of six members of the molar iodine consumption within the limits given is 
remarkable, and not only adequately confirms the assignment of molecular 


Tasie III 
Molar End-Group Values for 24 Hour Digest Oligosaccharides 











Wui.of Ferricyanide : |Elson-Morgan color,* Macleod-Robison 
Preparation No. disaccharide eee | eustgideaaneadas = tee) 

units | equivalent | equivalent hypoiodite 
§-I 1 1.23 2.0 3.22 
R-II 2 2.00 3.1 3.46 
R-III 3 2.26 3.6 3.57 
R-IV 4 2.32 3.4 3.58 
R-V 5 2.13 3.7 3.50 
R-VI 6 1.83 | 3.1 3.15 

















* Value per mole of substance, based on the gasometric uronic acid analysis (Ta- 
ble II) and degree of polymerization (number of disaccharide units). See foot- 
note 7. 


sizes, but also indicates similarity of the center (or centers) undergoing oxi- 
dation in the individual compounds.’ 

In the earlier studies of the action of testicular hyaluronidase on hyal- 
uronic acid, the apparent cessation of reducing sugar production led to the 
erroneous conclusion that the 24 hour digest was essentially an end-product 
(2), while the unknown resolving power of the chromatographic system and 
the comparison of this product with that obtained with pneumococcal hyal- 
uronidase led to the belief that it was predominantly a tetrasaccharide 
(19, 20). The present finding that 24 hour digests are indeed extremely 
heterogeneous and that they contain oligosaccharides having odd degrees 
of polymerization in amounts comparable to those of even number (Fig. 3) 


*In the numerous applications of end-group technique to molecular weight de- 
termination of mucopolysaccharides (see (9, 18)) neither the possibility of the de- 
parture from stoichiometry now shown in the oligosaccharide models nor the large 
errors which may result from presence of minor reducing impurities have been con- 
sidered. The molecular weights reported in the literature are probably far too low. 
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removes the basis for this belief and for the related hypothesis (19) that 
half of the glucosaminidic linkages in the polymer are resistant to the enzyme 
and that the basic repeating unit is a tetrasaccharide. Rather, it can be 
concluded from the regularity of the distribution of size in digests that the 
repeating unit of the oligosaccharides and of hyaluronic acid must be a 
disaccharide, glucuronido-acetylglucosamine. Also, the absence of any 
significant amount of branching in the polymer is indicated. That much 
more vigorous enzymatic treatment of the heterogeneous 24 hour digest 
than was applied heretofore does indeed lead to accumulation of large 
amounts of tetrasaccharide, with production of only small amounts of 
disaccharide, is an apparent anomaly which it is hoped a forthcoming anal- 
ysis of the process will resolve. 

The oligosaccharides isolated here have, as anticipated, proved useful 
as model substrates in analysis of the action of a number of mucolytic 
enzyme systems. A result of one such study (1), which shows that testicu- 
lar hyaluronidase is a transfer enzyme that forms as well as splits gluco- 
saminidic linkages, prevents the use of these oligosaccharides for compari- 
son of hyaluronic acids from various sources, another original motivation 
of this work. However, it is believed that the techniques described may 
be used for isolation of oligosaccharides from acid hydrolysates suitable 
for such comparisons and that these techniques will be valuable in problems 
connected with other acid polysaccharides such as the chondroitin sulfates, 
hemicelluloses, and pectins. 


SUMMARY 


A detailed examination has been made of the products of hydrolysis of 
_ umbilical cord hyaluronic acid by testicular hyaluronidase, by means of 
paper and ion exchange chromatographic techniques and alcohol fractiona- 
tion. An analytical method utilizing Dowex 1 formate chromatography 
with gradient elution by dilute formic acid is described. The properties 
of seven oligosaccharide fractions (oligosaccharides I through VII) isolated 
from digests are given. End-group analysis and regularities of the mobili- 
ties on paper show that the molecular sizes of the oligosaccharide fractions 
form a regular series ranging from di- to tetradecasaccharide in increments 
of 1 disaccharide unit. The repeating unit of hyaluronic acid, as of the 
oligosaccharides, is a disaccharide, glucuronido-acetylglucosamine. Oligo- 
saccharide I is identical with N-acetylhyalobiuronic acid, obtained by 
acetylation of the crystalline disaccharide from acid hydrolysis of hyal- 
uronic acid. Oligosaccharide IT,-the tetrasaccharide, has been crystallized. 
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THE INFLUENCE OF INSULIN ON GLUCOSE UTILIZATION IN 
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The conversion of carbohydrate to fat in the intact animal is a well docu- 
mented phenomenon. In the light of recent investigations, it has become 
apparent that several mammalian tissues (1) are capable of “lipogenesis” 
in vitro. Although the liver has been soundly implicated as the most 
active site of fat formation, its relative contribution to the lipide economy 
of the organism has not been assessed. Adipose tissue, a tissue peculiarly 
disposed to the accumulation and storage of fat, has also been shown cap- 
able of lipide synthesis (2). In an attempt to compare the metabolic ac- 
tivities of liver and adipose tissue, in particular, their relative abilities to 
form fat, we have measured the rates of conversion of radioactive glucose 
to fatty acids and carbon dioxide by both tissues. In addition, the effects 
of untreated alloxan-induced diabetes and insulin-controlled diabetes on 
the fat-forming and oxidative capacities of these tissues have been studied. 


EXPERIMENTAL 


Treatment of Animals—Male Wistar rats, about 6 to 8 months old, 
weighing between 300 and 450 gm. were used. All animals were fed on 
stock diet (Purina chow, containing 27 per cent protein, 6.3 per cent fat, 
47 per cent carbohydrate). The animals were sacrificed by cervical frac- 
ture and exsanguinated, and the required tissues were rapidly removed. 

Preparation of Tissues and Incubation Procedure—Liver slices were pre- 
pared with the Stadie tissue slicer. Adipose tissue was taken from the fat 
body attached to the epididymis. Only the thin, most peripheral parts 
were used. The incubation procedure was based on the technique de- 
scribed by Chernick et al. (1) with the following modification: The medium 
was composed of 5.0 ml. of buffer and 1.0 ml. of saline solution containing 
24 mg. of uniformly labeled C-glucose (obtained from the Nuclear In- 
strument and Chemical Corporation, Chicago, Illinois), giving a final glu- 


*This investigation was supported by a research grant (No. A-78) from the 
National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service. 

t To be submitted in partial fulfilment of the thesis requirement for the degree of 
Doctor of Philosophy in Biochemistry, Jefferson Medical College. 
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cose concentration of 400 mg. per cent. In all but two experiments, Nos. 
A and 2G, pooled tissues from three rats, 7.e. 200 mg. from each, were used 
per flask. The incubation was conducted at 37.6° for 3 hours. The col- 
lection of carbon dioxide was-continuous throughout this period which 
was terminated by an injection of 0.2 ml. of 6 N H.SO,, through a tape- 
sealed side hole in the flask. 

Determination of C“%O.—Aliquots of the solution of the evolved carbon 
dioxide were removed for the determination of C™ according to the method 
of Entenman et al. (3). 


TABLE I 
Lipogenesis and Oxidation of Glucose in Normal Liver and Adipose Tissue 











: | pba | Saeue | pny Specific 
Tissue | ment” | fatty acids | nitrogen | FeEavered a | sundens | Sigrreand co | wetonion 
per gm. tissue tissue 
Liver C 2.1 2.90 | Of | 0 1.2 0.41 
D 8.2 3.21 | 0.021 | 0.0065 2.5 0.78 
E 3.2 2.90 | 0.022 | 0.0076 2.0 0.69 
F 2.3 3.04 | 0.015 0.0050 2.1 0.70 
Adipose Cc 58 0.22 0.53 | 2.4 1.6 7.3 
D 84.8 0.27 | 11 | 4.1 2.2 8.1 
E 54.1 0.0 | 22 @6| (43 3.9 7.5 
F 78 0.20 | 0.34 1.7 0.67 3.4 

















* (Per cent conversion per gm.)/(mg. per cent nitrogen). 

t The specific activity of the added glucose was adjusted according to the antici- 
pated yield. The total activity for liver was usually 3 million ¢.p.m. per flask; 
for adipose tissue 6 million c.p.m. per flask. The activity used in Experiment 
C'was not adequate to give significant counts in the liver fatty acids. No counts 
below 1.3 times background were considered significant. 


Determination of Fatty Acids—The entire acidified contents of each flask 
were filtered with suction through Whatman No. | paper, and the filtrate 
was extracted once with about 30 ml. of petroleum ether. The ether ex- 
tract and tissue fragments were combined, saponified, and extracted ac- 
cording to Masoro et al. (4). The radioactivity of the fatty acids was de- 
termined according to Entenman et al. (3). 

Determination of Tissue Nitrogen—Nitrogen analyses were performed on 
samples of all tissues incubated by the standard Kjeldahl procedure. For 
the digestion of adipose tissue, it was found convenient to use 1 ml. of 
fuming sulfuric acid for each 100 mg. of tissue. Several treatments with 
superoxol were given during the course of the digestion, which usually 
lasted about 8 hours. 

Blood glucose, when determined, was analyzed by the method of Durham 
et al. (5) and urinary glucose by the method of Benedict (6). 
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Results 


Normal Animals—The results, summarized in Table I, indicate that 
radioglucose is utilized for lipogenesis and is oxidized by liver and adipose 
tissue. 



























































Taste II 
Lipogenesis and Oxidation of Glucose in Liver and Adipose Tissue of Alloxan-Diabetic 
Rats 
- 
| | Per cent | 
. Per cent 
. | Percent | glucose Specific glucose Specific 
. Experi- ‘ | Per cent recovered as| utilization ~ Deas 
Tiss | ; fatt : : F d t t 
mous ment No. aci A nitrogen | yo ong aly abt COs pet em. | index, COs 
| | tissue ” 
Liver | aie ne | 3.10 0 0 0.41 | 0.13 
| 2A | 6.3 | 3.30 0 0 0.41 0.12 
| H 1.8 | 3.18 0 0 0.80 | 0.25 
Adipose | A | 40.0 | 0.50 0 0 0.33 | 0.66 
| 2A | 49.8 | 0.52 0 0 0.68 | 1.31 
| H 57.0 | 0.48 0 0 0.41 | 0.95 
* Tissues obtained from one animal. 
TABLE III 
History of Alloxan-Diabetic, Insulin-Treated Rats 
res | * | | 7 
, Weight at | U lnon-fastine | Weight | 
— Animal time of poe ‘Non-fsting| time of, Insulin | |Weight at| aoe 
No. No. Zon. | om. Bet | sugart | ye | injectedt | sacrifice | sacrifice 
——_ | | om - mg. per onal gm. 5 days ‘eule gm. mg. per cent 
A 1 400 | 5.7 | 414 336 1 | 38§ | 348 
2B 1 473 | 6.3 | 445 410) | 450 48 
2 460 | 8.8 | 424 392 23 | 44i| 440 67 
3 353 | 5.8 | 404 342 368 81 
2 1 436 | 10.7 | 511 390 450 57 
2 430 | 8.7 | 563 280 4 78] 440 69 
3 440 | 8.1 | 498 344 368 66 
2G | 1 470 | 8.2 | 3092 | 430 7 | agee| 44 
2 | 410 | 84 | 423 | 338) | 392 











* Average value of four daily determinations. 

t Determined 1 to 3 days before insulin administration. 

t Protamine zine insulin (Lilly). Last dose administered 2 to 3 hours before 
sacrifice. 

§ Three injections, 6, 8, and 24 units. 

| Ist day 4, 2nd day 2 X 10, 3rd day 2 X 10 units. 

{ Ist day 6, 2nd day 2 X 8, 3rd day 2 X 16, 4th day 24 units. 

** Ist day 4, 2nd day 4, 3rd day 2 X 3, 4th day 2 X 4, 5th day 2 X 4, 6th day 2 X 
4, 7th day 2 X 4 units. 
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Diabetic Animals—The rats used in this study had been diabetic for 
at least 1 month. All showed a marked loss of weight (between 15 and 30 













































































TaBLe IV 
Lipogenesis and Oxidation of Glucose in Insulin-Treated, Alloxan-Diabetic Rats 
| Percent | Per cent | 
. a aaa glucose om glucose | Specific 
A Experi- Per cent | recovered | utilization 
T r f : | d | 
issue ment No. — nitrogen | fi ed _— as COs pe acy 
| gm. tissue a wea | 
——__|—__—__|_- ent 
Liver A 2.0 | 2.40 | 0.06 | 0.03 | 0.86 | 0.35 
2B 5.6 | 2.30 | 1.20 0.52 0.95 | 0.41 
2C 8.1 2.58 7.61 2.95 12.9 5.0 
2G 5.3 2.85 2.33 0.82 7.4 | 2.6 
Adipose A 48 0.60 0.96 1.6 1.5 2.5 
2B 61 0.40 1.05 2.6 0.73 | 1.83 
20 | 66 0.41 | 8.23 | 20.1 | 9.2 | 22.4 
2G | 62 0.35 | 11.1 | 31.7 | 7.2 | 20.6 
% CONVERSION TO co, TO FATTY ACIDS 
r LIVER Eg ADIPOSE LIVER ADIPOSE 
- 12 TISSUE TISSUE 
mL 7 
10 
9 = 
r+ 8 = 
7 = — i 
r 6 
rs 
- 4 
r3 838s 8 
- 2 
-_ 
[-[>|=|0 Li LUE 1 
N. D. INS.-D. | N. D. INS-D. | N. D. INS.- D. | N. D. INS.-D. 




















Fig. 1. Glucose utilization in liver and adipose tissue of normal (N.), alloxan- 
diabetic (D.), and insulin-treated alloxan-diabetic (JNS.-D.) rats. A, after 1 day, 
A, after 2} days, @, after 4 days, and D, after 7 days of insulin treatment. 


per cent), hyperglycemia, and glucosuria. In addition, all suffered from 
severe atrophy of adipose tissue, which predetermined our selection of 
larger animals so that adequate samples could be obtained. 

In agreement with the findings of Chernick and Chaikoff (7) liver tissue 
of alloxan-diabetic rats was found to be completely incapable of converting 
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glucose carbon to fatty acids. The same was true for the adipose tissue of 
these animals (Table IT). 

Diabetic Insulin-Treated Animals—The history of the treatment under- 
gone by these animals is given in Table III. 

Table IV summarizes the data for the insulin-treated diabetic animals. 
It is obvious from these data not only that insulin administration in vivo 
restores the hepatic and adipose tissue lipogenesis in vitro to normal levels, 
but that continuation of the treatment promotes high levels of lipogenesis 
in both tissues. Fig. 1 summarizes the results based on wet weight ac- 
tivities. 

DISCUSSION 


We have demonstrated that adipose tissue participates in a process 
generally considered as “lipogenesis” from glucose. 

It should be noted that, although we have observed markedly higher 
specific activities of liver fatty acids compared to adipose tissue fatty acids, 
the greater dilution, undergone by the newly appearing labeled acids in the 
depot tissue, masks the latter’s true lipogenic capacity. We have accord- 
ingly expressed our results in terms of total recovery of C™ in fatty acids 
per gm. of wet weight tissue. Furthermore, the wide disparity in protein 
content between the two tissues has made a comparison of their activities 
based on nitrogen composition accentuate even more the activity of adipose 
tissue. The latter evaluations, we feel, are important, for they serve as 
estimations of the enzymatic apparatus actually present in each tissue. 

A comparison of the data for normal, diabetic, and insulin-treated dia- 
betic tissues not only confirms the demonstrated dependence of lipogenesis 
oninsulin supply in vivo (7), but strikingly indicates the efficacy of the proc- 
ess in the adipose tissue in vitro. The ability of adipose tissue to convert 
glucose C to fatty acid C expressed in terms of tissue activity (per cent 
conversion per gm.) far exceeds that of the liver. Under the influence of 
insulin in vivo, both tissues seem to reveal equivalent reserve potentialities 
for acceleration of this process. 

It is noteworthy in this regard that, when expressed as per cent conver- 
sion per gm. of tissue, both liver and depot tissue show similar capacities 
for oxidation of the glucose. These data suggest that a greater percentage 
of the energy derived from the glucose oxidation in the fatty tissues of the 
normal animal is channeled into fatty acid formation than is in the liver. 
The ratios of fatty acid conversion to CO, conversion are 0.5 for the adi- 
pose tissue and 0.03 for liver. The administration of insulin not only tends 
to increase both types of conversion, but also tends to alter the channeling 


of energy, and hence the ratios of fatty acid production to CO, production 
approach unity for both tissues. 
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The speciaiized nature of adipose tissue is more clearly revealed in the 
data for specific utilization (Tables I, II, and IV). Whereas hepatic lipo- 
genesis is quite low under the present feeding conditions and when related 
to the nitrogen content of the tissues, that of adipose tissue is 500 times as 
great. It is also quite apparent that oxidation of glucose, expressed in 
these terms, in the depot tissue is several times more rapid than in liver, 
The lipogenic capacity of the liver in vitro may, under insulin stimulation, 
be enhanced to well above 100 times the normal level, while that of adipose 
tissue, under the same hormonal influence, rises to only about 10 times its 
normal value. 

Since the data in vitro indicate a greater lipogenic activity in adipose 
tissue than in liver, the question of whether this relative superiority is 
maintained in the intact animal must be raised. Experiments designed to 
investigate this consideration are now in progress. 

The rats made diabetic in this study experienced notable weight losses, 
which reflected the losses from individual tissues. Adipose tissue in such 
animals decreases very rapidly in size, mostly by loss of lipide, and, as a 
result, there is, per unit weight, an apparent rise in the nitrogen content 
of the tissue. Actually, even the protein constituents of the tissue are 
being considerably depleted in this condition. 

The adipose tissue used in the incubation was, as previously mentioned, 
taken from the fat body attached to the epididymis. The peripheral areas 
of these fat bodies from normal animals are very thin and transparent. 
Usually only one or two cuts were necessary to remove a desired section 
from the main bulk. Asa result, the fat “slices” were practically anatomi- 
eally intact structures, whereas the liver slices presented two exposed and 
injured surfaces. Experiments to compare the two tissues when prepared 
under identical conditions are in progress. Chernick et al. (1, 7) observed 
a lipogenesis in liver slices of normal rats up to 40 times higher than we did. 
Experiments in progress show that this difference is entirely due to the 
different diet employed. The above authors fed a carbohydrate-rich, fal- 
free diet. We found similar values for liver lipogenesis when we used such 
a fat-free diet. The lipogenic activity of the adipose tissue increased only 
2-fold on this diet, but was still twice as high as that of the liver (Haus- 
berger and Milstein, in preparation). 

Our values for lipogenesis in liver slices of insulin-treated diabetic rats 
compare favorably with the values of Chernick and Chaikoff (7). A de- 
crease of hepatic lipogenesis after the 4th day of insulin administration, 
as in our experiments, was seen by Osborn et al. (8). This metabolic be- 
havior was not observed in adipose tissue; the lipogenic activity increases 
with the duration of the insulin treatment. 

It is to be noted that the lipogenesis was studied in a medium containing 
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400 mg. per cent of glucose, comparable to the diabetic blood sugar level. 
The inability of this high sugar level to induce lipogenesis, despite the main- 
tenance of considerable oxidative activity in the diabetic tissues in vitro, 
suggests that mass action effects on the part of carbohydrate are not a 
major factor in stimulating lipogenesis, in adipose tissue as well as the 
liver, as had already been demonstrated by Chernick et al. (9). 

Adipose tissue is generally considered an inert form of connective tissue. 
Wassermann (10), however, came to the conclusion that the stores consist 
of a rather specialized tissue. This assumption was confirmed by means of 
transplantation experiments by Hausberger (11), who also demonstrated 
the presence of sympathetic nerve fibers in adipose tissue and their in- 
fluence on fat deposition (12) and turnover time in fat stores (13). Some 
biochemical observations support these histological and histogenetic studies 
(14). Shapiro and Wertheimer (2) incubated adipose tissue and liver from 
rats in serum enriched with deuterium oxide and found an incorporation 
of deuterium into fatty acids of fat tissue rich in glycogen. In these 
experiments, the specific activity of the liver fatty acids was, however, 10 
times higher. Stetten (15) and Masoro et al. (4) report also a much greater 
incorporation in the liver fatty acids than in fatty acids of the other organs 
or of the “‘carcass.”” Shapiro and Wertheimer’s (2) paper does not allow 
any conclusions as to the extent of the lipogenesis in these two tissues, 
owing to the absence of data on relative dilution of the newly formed 
fatty acids. Their paper suggests again the liver as the main site of lipo- 
genesis. It remains to be demonstrated how much of the newly formed 
fatty acids is synthesized in adipose tissue and how much is synthe- 
sized elsewhere, especially in the liver, and carried there by the blood 
stream. Experiments by Masoro et al. (4) may be of interest in regard to 
this question. They demonstrated that functionally liverless rats de- 
prived of their intestines synthesize the same amount of fatty acids from 
radioglucose as do intact controls. Since skeletal muscle and kidneys 
participate only to an insignificant degree in lipogenesis (1), one may assume 
that adipose tissue is capable of forming fatty acids not only in vitro, 
but also to a large extent in vivo. Our data, taken in this connection, 
suggest that the lipogenic system of the fatty tissues may be as effective 
as the hepatic system and may therefore play a major réle in fat synthesis 


under those dietary and hormonal conditions conducive to carbohydrate 
lipogenesis. 


SUMMARY 


1. The conversion of glucose to fatty acids and carbon dioxide by liver 
and adipose tissue of rats fed Purina chow has been studied in vitro with 
a CJabeled substrate. 
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2. If the large difference between the lipide and protein content of the 
two tissues is taken into account, adipose tissue has been shown to be far 
more active in both capacities than liver. 

3. These metabolic features show the same qualitative tendencies in 
both tissues when exposed to alloxan diabetes and insulin therapy. Lack 
or excess of insulin has a more marked effect upon lipogenesis than upon 
glucose oxidation. 
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THE MECHANISM OF ENZYMATIC SYNTHESIS OF 
GALACTOSYL OLIGOSACCHARIDES* 


By JOHN H. PAZUR 


(From the Department of Biochemistry and Nutrition, College of Agriculture, 
University of Nebraska, Lincoln, Nebraska) 


(Received for publication, November 11, 1953) 


In recent publications, Wallenfels (1) and Aronson (2) have reported that 
new oligosaccharides are produced during the hydrolysis of lactose by en- 
zyme preparations from bacteria and yeasts. The enzymatic synthesis of 
oligosaccharides from lactose has also been observed by Pazur (3) and by 
Roberts and McFarren (4). It has been suggested (1-3) that the new 
compounds are the result of transgalactosidic activity of lactase or of a 
new enzyme (transgalactosidase) present in the bacterial and yeast ex- 
tracts. This paper presents (a) evidence in support of the proposed trans- 
galactosidic mechanism of enzyme action, (b) results of chromatography 
and paper electrophoresis of the enzymes from yeasts, and (c) methods of 
preparation and isolation of the new oligosaccharides. 


Methods and Results 


Preparation of Enzyme—A sample of “lactase B” was kindly supplied 
by the Rohm and Haas Company, Philadelphia. It was prepared from a 
number of lactose-fermenting yeasts of Saccharomyces, Torulopsis, and 
Candida groups. Solutions of the enzyme concentrate were prepared by 
shaking 2 gm. of the lactase B in 100 ml. of water for 0.5 hour and filtering 
the resulting suspensions. For chromatography and electrophoresis of the 
enzymes, solutions containing 10 to 20 per cent of the concentrate were 
employed. 

Action on Lactose—A digest of 1 gm. of pure lactose in 10 ml. of water and 
10 ml. of the enzyme solution (2 per cent) was prepared. Aliquots of 1 ml. 
of the digest were removed after 0, 3, 6, 12, and 24 hours, heated to boiling, 
and tested for reaction products by paper chromatography (5). Examina- 
tion of the sprayed chromatograms revealed the presence of four new oligo- 
saccharides (Compounds I, II, III, and IV). The apparent Ry values 
of these compounds are recorded in Table I. Glucose and galactose were 
also liberated during enzymolysis. 


i * Published with the approval of the Director as Paper No. 634, Journal Series, 
Nebraska Agricultural Experiment Station. A portion of this research was con- 


ducted at the University of Illinois College of Medicine, Department of Biological 
Chemistry. 
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The samples obtained at the various times were examined for phos. 
phorylated intermediates. Paper chromatograms of these samples were 
developed in a methanol-formic acid-water mixture (16:3:1 by volume) 
(6). The finished chromatograms were sprayed lightly with 0.1 N hydro- 
chloric acid, heated for 10 minutes at 100°, and sprayed with an ammonium 
molybdate reagent (7). This reagent will react with phosphorus liberated 
on acid hydrolysis of the sugar phosphates to form yellow ammonium phos- 
phomolybdate. There was no evidence for phosphorylated compounds in 
the aliquots of the digestion mixture. 














TaBLe I 
Radioactivities of Products in Enzymatic Digests of Lactose and Radioactive 
Cosubstrates 
Compound peat | ongiuawe + low eatcse +) cxtacan 

mies c.p.m. c.p.m. c.p.m. 
NS acres 8d Stata Ankdg ae 0.88 13,500 9240 
ee 0.79 28,000 
ARERR AE ee ee 0.60 49 6 1375 
Ne er 0.50 550 125 1050 

” ERR ee eye 0.42 39 1,100 43 

- ES Soe ok rca eau’ 0.29 3 | 36 735 

“sp SIRE Ea sore 0.16 77 15 | 282 











* Since five ascents of the solvent were used to obtain the separation on the paper’ 
apparent Rr values are recorded. These values are obtained by dividing the dis- 
tance to which the individual compounds have moved by the total height of the 
paper. 


Isolation of Oligosaccharides—50 ml. of the enzyme solution (2 per cent) 
were added to 5 gm. of lactose dissolved in 50 ml. of water. The mixture 
was shaken with toluene, allowed to stand at room temperature for 24 
hours, then concentrated to a volume of 10 ml. The compounds in the 
concentrate were separated by paper chromatography (8). Final purifi- 
cation was achieved by repetition of the chromatographic procedure. 
Studies on the final proof of structure of these compounds are in progress 
in our laboratory. Identification of the products of partial and complete 
acid hydrolysis of the compounds and their aldonic acids (3) has shown 
that two of the compounds are disaccharides and two are trisaccharides, 
with the following arrangement of monosaccharide units: galactose-(1 — 6)- 
glucose for Compound I, galactose-(1 — 6)-galactose for Compound II, 
galactose-(1 —> 6)-galactose-(1 — 4)-glucose for Compound III, and galac- 
tose-(1 — 6)-galactose-(1 — 6)-glucose for Compound IV. 
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Action on Lactose and C'*-Glucose-—Samples of 1 mg. of C'*-glucose (total 
activity 30,000 c.p.m.) and 10 mg. of lactose were dissolved in 0.1 ml. of 
enzyme solution. At the end of 20 hours, 0.05 ml. of the sample was placed 
on a filter paper strip which was developed in a solvent system of n-butanol- 
pytidine-water (6:4:3) and sprayed for reducing sugars. The spots cor- 
responding to the new compounds were cut from the paper and their radio- 
activities determined in a windowless flow counter and scaler (Tracerlab 
models SC-16 and SC-33). The apparent R, values and the radioactivities 
of the compounds in the digest are shown in Table I. 

Action on Lactose and C-Galactose*—The experiment was performed es- 
sentially according to the procedure outlined in the previous section. 1 mg. 
of C“-galactose (total activity 60,000 c.p.m.) was used in the reaction 
mixture. The results are presented in Table I. It should be pointed out 
that in the chromatogram of this digest some overlapping of the spots, 
corresponding to Compounds I and II occurred, and consequently some 
radioactivity was detected in Compound I. 

Action on 1-C-Lactose-—10 mg. of 1-C™-lactose (total activity 130,000 
e.p.m.) were dissolved in 0.1 ml. of enzyme. After 20 hours the enzyme 
was inactivated by heat. The products in the digest were resolved on 
paper. The distribution of the activity in the reaction products in a 0.01 
ml. aliquot of the digest is shown in Table I. 

Action on Mixtures of Glucose with Galactose or Galactose-1-phosphate*— 
To determine whether the new compounds can be synthesized from glucose 
and galactose or from glucose and galactose-1-phosphate, the following 
digests were prepared. 10 mg. of glucose and 10 mg. of galactose or 10 
mg. of B-D-galactose-1-phosphate were dissolved in 0.2 ml. of enzyme. 
Samples were placed on paper chromatograms at 0, 3, 6, 12, and 24 hours 
and examined for reaction products. No new compounds were observed 
on the paper chromatograms of either of the digests. 

Chromatography of Lactase B on Silica Gel and Super-Cel—A glass tube 
(25cm. X 1.8 cm.) was packed with 15 gm. of a mixture of equal parts of 
silica gel and Super-Cel (10). The column was washed with 100 ml. of 
0.1 m sodium phosphate buffer of pH 6.8. 2 ml. of a 10 per cent solution 
of lactase B were introduced on the column. Phosphate buffer (0.1 M, 
pH 6.8) was used as the eluting solvent. 1 ml. portions of the eluate were 
collected in separate tubes until 50 fractions had been obtained. Frac- 
tions 28 to 45 contained compounds which reacted with ninhydrin. These 
™ Purchased from the Nuclear Instrument and Chemical Corporation, Chicago, 

Inois. 


* Purchased from the National Bureau of Standards, Washington 25, D. C. 
*Synthesized in our laboratory by the procedure of Reithel (9). 
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fractions were assayed for enzymatic activity by incubating 0.1 ml. alj- 
quots with 0.1 ml. of a 10 per cent solution of lactose. After a 24 hour 
reaction period, 0.02 ml. aliquots of the digests were analyzed for reducing 
sugars by paper chromatographic methods. Hydrolyzing activity was 
present in Fractions 31 to 39 of the eluate, while transferring activity was 
detected in Fractions 35 to 38. As judged by the intensities of the carbo- 
hydrate spots, maximal hydrolyzing and transferring activities were present 
in Fractions 36 and 37 of the eluate. 

Electrophoresis of Lactase B on Paper Strips—A paper electrophoresis 
apparatus was assembled according to the directions of Kunkel and Tise- 
lius (11). Electrophoresis of 0.04 ml. of lactase B solution (20 per cent) 
was carried out in barbital buffer of pH 7.3 and ionic strength 0.1 at a 
potential of 100 volts, direct current, and a current of 0.5 ma. At the end 
of 12 hours the paper strip was air-dried and cut into 1 cm. segments. 
These segments were cut into small pieces and placed in separate test-tubes 
containing 0.3 ml. of lactose solution (10 per cent) of pH 5.4 (0.1 m acetate 
buffer). The paper was macerated in the tubes, and a crystal of thymol 
was added to prevent contamination by microorganisms. 

The digests were examined for reducing sugars by paper chromatography 
at intervals for 200 hours. Hydrolysis of some lactose to glucose and 
galactose had occurred in Tubes 4, 5, and 6 in 96 hours, indicating lactase 
activity at a distance of 4, 5, and 6 cm. from the point of application of 
the original solution. The appearance of Compounds I, II, and III in 
Tubes 5 and 6 in 150 hours shows that the transferring enzyme had also 
moved the same distance on the paper strip. These results as well as the 
results of column chromatography are interpreted as evidence for the 
presence of one enzyme in the yeast extract which is responsible for hy- 

‘drolyzing and transferring reactions. 


DISCUSSION 


A series of galactosyl oligosaccharides is synthesized during the hy- 
drolysis of lactose by an enzyme preparation from yeast. Since on chro- 
matography the synthesizing and hydrolyzing activities appeared in the 
same portions of the eluate and on paper electrophoresis the two activities 
migrated at the same rate, it is likely that one enzyme effects both types 
of reactions. The hydrolytic reaction occurs by enzymatic transfer of the 
galactosyl moieties of lactose to water molecules, while the synthetic reac- 
tion occurs by transfer of these units to appropriate cosubstrate molecules. 
Since the enzyme action does not involve galactose-1-phosphate or other 
phosphorylated intermediates, phosphorylation is not necessary for en- 
zyme action. In view of these considerations, the mechanism of synthesis 
of the new compounds may be summarized by the accompanying equations. 





Gl, Ga 
zontal 


Inf 
the er 
plex ii 
the gs 
synth 
Comp 

The 
exper 
the re 
Comr 
galact 
In ac 
verts 


Du 
oligos 
are pI 


units 
(lo 


. ali- 
hour 
Icing 
"Was 
r Was 
arbo- 
esent 


resis 
Tise- 
cent) 
at a 
> end 
ents. 
tubes 
etate 
ymol 


aphy 
- and 
ctase 
on of 
IT in 
| also 
s the 
r the 
r hy- 


> hy- 
chro- 
n the 
vities 
types 
of the 
reac- 
cules. 
other 
r en- 
thesis 
tions. 





J. H. PAZUR 443 


Gl, Ga, and E represent glucose, galactose, and enzyme respectively; hori- 
zontal and vertical lines represent 1,4 and 1,6 linkages, respectively. 








Step 1. Gl-—- Ga+ E — Ga-E + Gl 
Step 2. (a) Ga-E + Gl ——— Gl +E 
Ga (I) 
(6) Ga-E + Ga ——— Ga +E 
Ga (ID) 
(c) Ga-E + Gl — Ga— Gl —- Ga+E 
Ga (III) 
(d) Ga-E + Gl ——— Gl +E 
Ga 
Ga (IV) 


In Step 1 of the mechanism, galactose units are removed from lactose by 
the enzyme as a galactosyl-enzyme complex. The formation of the com- 
plex is accompanied by a simultaneous liberation of glucose. In Step 2, 
the galactose units are transferred to cosubstrates in the system and the 
synthesis of new oligosaccharides occurs. Glucose, galactose, lactose, and 
Compound I have been found to function as cosubstrates. 

The proposed reaction scheme is substantiated by the results of tracer 
experiments. Thus inclusion of a small amount of radioactive glucose in 
the reaction mixture results in the incorporation of the active glucose into 
Compounds I and IV (Steps 2 (a) and (d)), while inclusion of radioactive 
galactose leads to the production of radioactive Compound II (Step 2 (b)). 
In accordance with the transgalactosidation mechanism, the enzyme con- 
verts 1-C-lactose to radioactive Compounds I, III, and IV and non- 
radioactive Compound IT. 


SUMMARY 


During the action of an enzyme extract from yeasts on lactose, four new 
dligosaccharides are produced. Methods of isolation of these compounds 
are presented. The results of tracer experiments show that the compounds 
are produced by enzymatic transga:actosidation in which the galactosyl 
units of lactose are transferred to glucose, galactose, lactose, or galactose- 
(1 + 6)-glucose. 


BIBLIOGRA PHY 


1. Wallenfels, K., Naturwissenschaften, 38, 306 (1951). 
2. Aronson, M., Arch. Biochem. and Biophys., 39, 370 (1952). 


XUM 








— 


re oomsn Oo WwW 


444 ENZYMATIC SYNTHESIS OF OLIGOSACCHARIDES 


. Pazur, J. H., Science, 117, 355 (1953). 

. Roberts, H. R., and McFarren, E. F., Arch. Biochem. and Biophys., 48, 233 (1953), 
. French, D., Knapp, D. W., and Pazur, J. H., J. Am. Chem. Soc., 72, 5150 (1950), 
. Bandurski, R.S., and Axelrod, B., J. Biol. Chem., 193, 405 (1951). 

. Aronoff, S., and Vernon, L., Arch. Biochem., 28, 424 (1950). 

. Pazur, J. H., and Gordon, A. L., J. Am. Chem. Soc., 75, 3458 (1953). 

. Reithel, F. J., J. Am. Chem. Soc., 67, 1056 (1945). 

. Shepard, C. C., and Tiselius, A., Discussions Faraday Soc., 7, 275 (1949). 

. Kunkel, H. G., and Tiselius, A., J. Gen. Physiol., 35, 89 (1951). 





Th 
(DN: 
the s 
revea 
phate 
inter 
tude 
and « 
com} 
chrot 
dem: 


led t 
tides 
quen 


dinu 
been 


glan 
and 
sulfe 
DN. 


the ] 


duri 
simp 
tion 
zym 


1953), 
1950). 





THE ACTION OF PANCREATIC DESOXYRIBONUCLEASE* 
I. ISOLATION OF MONO- AND DINUCLEOTIDES 


By ROBERT L. SINSHEIMER 


With THE TECHNICAL ASSISTANCE OF JAMES F. KOERNER, 
JosTEIN VADLA, AND K. LUNAN 


(From the Department of Physics, Iowa State College, Ames, Iowa) 
(Received for publication, November 30, 1953) 


The nature of the products of the action of pancreatic desoxyribonuclease 
(DNase) upon highly polymerized desoxyribonucleic ‘acid (DNA) has been 
the subject of numerous investigations. Titrimetric studies (1-5) have 
revealed that, during the digestion, approximately one secondary phos- 
phate group becomes titratable per 4 phosphorus atoms, which may be 
interpreted to mean that the products are, on the average, of the magni- 
tude of tetranucleotides.'. More recently, ionophoretic (9), diffusion (5), 
and dialysis (10, 11) studies of the digest have suggested that it contains a 
complex mixture of polynucleotides of a range of magnitudes. Direct 
chromatographic fractionation of the digestion products has led to the 
demonstration of mono- (12, 13) and dinucleotides (14, 15). 

Refinement of our ion exchange chromatographic procedures has now 
led to the isolation from the enzymatic digest of all possible mononucleo- 
tides and most of the possible dinucleotides. If both of the possible se- 
quential isomers of a mixed dinucleotide are present, they are obtained as 
a mixture. The methods developed make it highly probable that any 
dinucleotide not detected is simply not present. The techniques have 
been applied to DNA from calf thymus and from wheat germ. 


Materials and Methods 


Materials—The calf thymus DNA was prepared from fresh thymus 
gland. Nucleoprotein was isolated according to the method of Mirsky 
and Pollister (16) and deproteinization was carried out by using the dodecyl 
sulfate denaturation described by Marko and Butler (17). The yield of 
DNA was 1.9 gm. from 150 gm. of thymus. The DNA, after drying over 


* The work described in this paper was accomplished with the aid of grants from 
the Rockefeller Foundation and the United States Public Health Service. 

‘In addition, groups titratable in the pH range of the enolic hydroxyls are freed 
during digestion (4). However, these latter groups may be rendered titratable by 
simple acid or base treatment of the high polymer (6-8) without extensive degrada- 


tion; hence their release during digestion is probably a secondary result of the en- 
zyme action. 
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CaCl, had a P content of 7.52 per cent and an e(P) (18) of 7500. The 
ribonucleic acid content was less than 1 per cent according to the method 
of von Euler and Hahn (19). Application of the method of protein de. 
naturation of Sevag et al. (20) showed no trace of protein. 

The wheat germ DNA was prepared from type B wheat germ, gener- 
ously supplied by the B. A. Eckhart Milling Company, Chicago, Illinois, 
The germ was first defatted by extraction with hexane (from which all 
ultraviolet-absorbing impurities had been removed by passage through a 
column of activated silica gel) for 24 hours. Isolation of the nucleo- 
protein and deproteinization were carried out in the same manner as for 
the thymus DNA, save that the nucleoprotein was precipitated by 1:10 
dilution of the 1 m NaCl solution as recommended by Daly et al. (21). 
After deproteinization with dodecyl sulfate, the nucleate was treated 
twice with the octyl alcohol-chloroform method of Sevag et al. to remove 
the last traces of protein. The yield of DNA was 395 mg. from 1 kilo of 
germ. The DNA had a P content of 7.38 per cent and an e(P) of 7500. 
The ribonucleic acid content was less than 1 per cent. 

Pancreatic DNase, twice crystallized, was obtained from the Worthing- 
ton Biochemical Sales Company. 

The ion exchange resins employed have been Dowex 1-8 X (8 per cent 
cross-linked), 250 to 500 mesh, and Dowex 1-2 (2 per cent cross-linked), 
200 to 400 mesh. Before use the resins are alternately washed with a 
1 m HCI-1 acetic acid mixture and with 1 m NaOH, until both acid and 
alkaline effluents have an optical density less than 0.010 at 260 mu. Once 
thus cleaned, the stock resin is kept clean by dripping acetic acid through 
it, occasionally alternating with alkali. Before use for fractionation, the 
resin, in the amount to be used, is first equilibrated with 0.1 m ammonium 
’ acetate buffer at the pH of the first eluent to be used, and then poured 





into a column. Dilute NH,OH is run through immediately prior to ad- | 


dition of the (alkaline) material to be fractionated. The columns are 
operated under about 12 feet of hydrostatic pressure. Fractions of eluate 
are collected at regularly timed intervals. 

All ultraviolet absorption measurements were made with a Beckman 
ultraviolet spectrophotometer. Each absorption cell is individually 
calibrated for all measurements at wave-lengths below 260 mu. 

Digestion—The enzyme digestions were carried out at the pH meter 
so that the secondary phosphate released could be titrated almost con- 
tinually to insure that the reaction reached completion. In addition, 
measurements of the increase in ultraviolet absorption (3) were made 
during digestion. 

200 mg. of the thymus DNA (containing 48.8 X 10-° mole of P) were 
digested with 700 y of DNase in a volume of 30 ml. in the presence of 
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0.015 M magnesium acetate. The secondary phosphate released amounted 
to 11.0 X 10-* equivalent or 1/4.43 atom of P. The increase in ultraviolet 
absorption at 260 mu was 27 per cent.? The addition of more DNase and 
Mg** caused no further release of acid. 

200 mg. of the wheat germ DNA (containing 47.8 X 10-5 mole of P) 
were similarly digested with 700 y of DNase in a volume of 30 ml. in the 
presence of 0.015 m magnesium acetate. The secondary phosphate re- 
leased amounted to 11.6 & 10-* equivalent or 1/4.12 atom of P. The 
increase in ultraviolet absorption at 260 my was 23 per cent. Again, the 
addition of more DNase and Mgt caused no further release of acid. 

With both nucleic acids, the products of the digestion were brought to 
pH 10.0 to 10.5 by addition of 1 m NH,OH, and then were added to a 
column of Dowex 1-2, in acetate form, 9 cm. long and 1 cm. in diameter. 

Elutions—It has not been possible to establish conditions that would 
permit the separation of all of the nineteen components to be described 
in one column run. Instead, a procedure has been developed which per- 
mits separation of the mononucleotides into one group and of the dinucleo- 
tides into three groups. Each of these groups is then refractionated under a 
new set of conditions. One pair of dinucleotides is still unresolved after 
this and must be separated by an additional fractionation. 

The first elution of the digest is carried out with acetate buffer at pH 
5.5 (Figs. 1 and 6). The objective of this fractionation is to separate the 
mononucleotides and the dinucleotides in distinct groups from the re- 
mainder of the digest. The separation of the dinucleotides is not perfect, 
as a portion of the most retarded dinucleotide, didesoxyguanylic acid, 
overlaps the elution of the most advanced trinucleotides. This overlap 
is greater in the case of the wheat germ DNA because of the presence of 
significant amounts of trinucleotides containing the 5-methyldesoxycy- 
tidylie acid. 

The points of division of the dinucleotides from this elution are selected 
for convenience in the refractionations. The division point between the 
first and second groups (D-1, D-2) is not critical and is best selected by 
observation of the Dogo/Dogo ratio of the effluent. Starting from a value 
of 0.9, this ratio rises to a flat maximum of about 2.20, which is maintained 
for 8 to 10 hours; division is made after about one-third of the volume of 
material of this ratio has been eluted. This division point is chosen in 
order to separate the dinucleotides? TT and CG and to coincide with the 

* The ¢(P) of the DNase digestion products is generally in the range 9200 to 9600 
regardless of the e(P) of the initial DNA. 

* Throughout this paper the following abbreviations will be used: M = 5-methyl- 
desoxyeytidylic acid, C = desoxycytidylic acid, T = thymidylic acid, A = desoxy- 
adenylic acid, G = desoxyguanylic acid. For dinucleotides, the letters representing 
the component nucleotides will be used in arbitrary sequence. Dinucleotide frac- 
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time when only CA is coming off the column so that it is the only fraction 
to be split. 

The point of division between the second and third groups (D-2, D-3) 
divides the bulk of the dinucleotides from the early trinucleotides plus 
trailing GG. The advent of these early trinucleotides (which are tri- 
pyrimidine nucleotides) in the eluate is signaled by an increase of the 
Dz0/Des0 ratio, and the separation is made at the beginning of this increase. 

The termination of group D-3 is made at the time when the Doz/Doy 
ratio of the effluent levels off at a value of about 1.4. This plateau in- 
dicates the completion of elution of the GG. 

All subsequent fractionations are carried out on columns of Dowex 
1-8X. Columns 10 cm. long X 1 cm. in diameter are satisfactory for the 
mononucleotide separations (12), while columns of 20 cm. length are used 
for the dinucleotides. For readsorption to the column, the solutions are 
made alkaline with NH,OH and flowed onto the column by gravity. Con- 
ditions of pH and ionic strength of the eluents are chosen for optimal 
separation of the individual components. The presence of numerous 
components containing the 5-methyldesoxycytidylic acid in the wheat 
germ DNA digests complicates the refractionation of the corresponding 
groups D-1 and D-3. (Compare Figs. 2 and 5 with Figs. 7 and 8.) 

The solutions are added to the resin while it is in acetate form, as this 
condition facilitates adsorption of the nucleotides. Elutions are frequently 
carried out with solutions containing a mixture of acetate and chloride 
anions, in which the acetate serves to maintain the pH, while the chlo- 
ride provides most of the eluting power. The replacement of acetate by 
chloride permits the use of solutions with lower salt content and lower 

ultraviolet absorption at wave-lengths below 260 mu. When the elution 
is carried out with these mixed salts, the resin will be converted largely to 
the chloride form because of the much greater affinity of chloride for the 
resin. When the chloride-containing solution is first added to the resin, 
a sharp boundary between the chloride and acetate forms moves down the 
column. If the strength of the eluent used is sufficient to move some of 
the nucleotides down the column faster than the chloride-acetate boundary 
can move, these substances will be crowded up against this boundary and 
will be eluted without resolution when the boundary reaches the bottom 
of the column.‘ For this reason it is essential to use, for the conversion 
of the column to the chloride form, a solution of low chloride concentration, 








tions composed of unlike nucleotides will in general consist of a mixture of the two 
possible sequential isomers, and no implication should be derived from the sequence 
of letters used to describe the fraction. Studies of the ratios of sequential isomers 
in these fractions are in progress. 

4 A similar circumstance has been described by Tompkins et al. (22). 
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which will not appreciably affect the adsorbed nucleotides. The com- 
pletion of conversion of the resin to the chloride form, which is marked by 
the appearance of chloride in the effluent, is indicated on each chroma- 
tograph. 

Identification of Components—The components of a di- or trinucleotide 
may be determined either by an analysis of its ultraviolet absorption spec- 
trum or by quantitative degradation to mononucleotides (23) and chroma- 
tographic analysis of the mononucleotide mixture (12). The best criterion 
of the homogeneity of a fraction is that the molar ratios of the mononu- 
cleotides thus obtained shall be simple integral numbers. 


TABLE I 
Ultraviolet Absorption Spectra of Desoxyribonucleotides* 
































| « X 10% 
ree = 
Wave-length | 5-Methylcytidylic Cytidylic ‘Thymidylic Adenylic | Guanylic 
pH 4.3 |pH5.5-7.0| pH 4.3 | pH 5.5-7.0 pH 4.3-7.0 | pH4.3 | pH5.5-7.0 | pH 4.3-7.0 
mp } 
240 | 3.47 6.84 4.14 7.38 3.06 5.98 6.61 10.1 
250 «| 2.89] 5.24 | 4.48] 6.54 6.00 | 12.1 | 12.5 14.5 
253 3.08 5.00 5.06 6.68 7.07 13.7 14.1 14.9 
260 | 4.25 5.45 7.30 8.10 9.13 15.3 15.7 12.8 
270 Be; 7.74 11.0 10.1 10.0 10.5 10.4 10.4 
280 | 10.1 8.55 11.5 7.95 6.60 2.48 2.21 8.55 
290 9.49 5.64 6.90 2.42 1.99 0.18 0.11 3.43 
300 | §.27 1.39 1.59 0.20 0.16 0 0 0.36 
| 

















* Calculated from organic phosphorus contents of solutions judged to be homo- 
geneous by chromatographic analysis. 


These methods can determine only the ratios of the component nucleo- 
tides and cannot indicate the molecular magnitude of the fraction. This 
latter may be determined either by removal of the terminal phosphate and 
measurement of the ratio of P released to total P of the fraction (14), or 
by removal of the terminal phosphate, treatment of the residue with phos- 
phodiesterase, and ion exchange fractionation of the resultant nucleosides 
and nucleotides. The molar ratio of nucleotides to nucleosides will then be 
a measure of the original magnitude. In addition, if the fraction consists 
of a mixture of sequentially isomeric dinucleotides, the molar ratio of the 
two nucleotides obtained in this manner will equal the initial ratio of the 
two isomers. 

After once having established the di- or trinucleotide character of vari- 
ous fractions and the principles underlying the sequence of elution of these 
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fractions under various conditions, the magnitude of other fractions may 
then be deduced from their position in the elution pattern. 
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Fig. 1. Fractionation of DNase digest of thymus DNA. Column, Dowex 1-2x, 
9 cm. X 7/4 cm.*. Flow rate, 23 ml. per hour. Stepped line, Dogo; O, Dago/Dess: 
X, Dezo/Des0. a, 0.10 mM Ac, pH 5.5; b, 0.24 m Ac, pH 5.5; c, 0.45 mM Ac, pH 5.5. L. = 
liters. 
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Fig. 2. Refractionation of group D-1 of thymus DNA digest. Column, Dowex 
1-8X, 20 cm. X 2/4 cm.?. Flow rate, 21 ml. per hour. Recovery of absorption at 
260 mz = 93 per cent. O, Dego/Deso. a, 0.05 M Ac, pH 4.3 + 0.015 m CI; b, 0.05 
Ac, pH 4.3 + 0.04 m Cl-; c, 0.05 m Ac, pH 4.3 + 0.055 m Cl-. 


For the spectroscopic analysis of polynucleotides, accurate data of the 
extinction coefficients of the monodesoxyribonucleotides are necessary. 
Such data are presented in Table I. The absorption spectra of di- and 
trinucleotides match quite well those computed by a linear summation 
of the spectra of their component mononucleotides. However, the in- 
tensity of the absorption of the dinucleotides is always significantly lower 





tha 


aci 


un 
ab 


ar 


may 


1-2x, 
o/ Dass; 


Dowex 
tion at 
0.05 M 


of the 
ssary. 
i- and 
nation 
he in- 
lower 





XUM 


R. L. SINSHEIMER 451 


than would be computed by such a linear summation. This effect is 
particularly marked with those polynucleotides containing desoxyguanylic 
acid. 
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Fic. 3. Refractionation of group D-2 of thymus DNA digest. Column, Dowex 
18X, 20 em. X 7/4 cm.?. Flow rate, 21 ml. per hour. Recovery of absorption at 
260 mu = 97 percent. O, De60/Des0; A, De70/D290. a, 0.10 mM Ac, pH 4.0 + 0.02 m CI; 
6, 0.10 m Ac, pH 4.0 + 0.045 m Cl-; c, 0.05 m Ac, pH 4.4 + 0.06 m CI; d, 0.05 m Ac, 
pH 4.4 + 0.08 m Cl-; e, 0.05 m Ac, pH 4.4 + 0.20m Cl. 
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Fic. 4. Refractionation of TG-AA from group D-2 of thymus DNA digest. Col- 
umn, Dowex 1-8X, 20 em. X 7/4 cm.?. Flow rate, 24 ml. per hour. Recovery of 
absorption at 260 mu = 91 per cent. O, Deso/Deso. 


Results 


The details of the fractionations leading to the isolation of the mono- 
and dinucleotides from the thymus DNA digest are presented in Figs. 
1 to 5; corresponding stages in the fractionation of the wheat germ DNA 
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Fig. 5. Refractionation of group D-3 of thymus DNA digest. Column, Dowex 
1-8X, 20 em. X 7/4 em.?. Flow rate, 24 ml. per hour. Recovery of absorption at 
260 mu = 84 per cent. O, Deeo/Deso. a, 0.10 mM Ac, pH 4.0 + 0.02 m CI; 6, 0.10 x 
Ac, pH 4.0 + 0.06 m Cl-; c, 0.10 m Ac, pH 4.0 + 0.08 m Cl-; d, 0.10 m Ac, pH 4.0 + 
0.13 m Cl-; e, 0.10 m Ac, pH 4.0 + 0.20 mM CI-. 
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Fig. 6. Fractionation of DNase digest of wheat germ DNA. Column, Dowex 

1-2X, 9 em. X z/4em.?. Flow rate, 20 ml. per hour. Stepped line, Deg; O, Deso/ 


Doso; X, Daz0/Des0. a, 0.10 w Ac, pH 5.5; b, 0.24 m Ac, pH 5.5; c, 0.30 m Ac, pH 5.5; 
d, 0.45 m Ac, pH 5.5. 
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Fig. 7. Refractionation of group D-1 of wheat germ DNA digest. Column, 
Dowex 1-8X, 20 em. X 7/4.cm.?. Flow rate, 25 ml. per hour. Recovery of absorp- 
tion at 260 mu = 92 per cent. O, De6o/Dogso; A, Dez0/Do9. a, 0.05 M Ac, pH 4.38 + 
0.015 m Cl-; b, 0.05 m Ac, pH 4.3 + 0.025 m Cl; c, 0.05 m Ac, pH 4.3 + 0.03 m CI; 
d, 0.05 m Ac, pH 4.3 + 0.04 m Cl; e, 0.05 m Ac, pH 4.3 + 0.065 m CI-. 
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453 
digest are presented in Figs. 6 to 8. The fractionations of group D-2 of 
the wheat germ digest and of the TG-AA fraction from this chromatogram 
are carried out exactly as for the thymus DNA. The fractionation of the 
mononucleotides is carried out essentially as previously described (12, 23). 


The numerical results of these fractionations are summarized in Tables II 
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Fic. 8. Refractionation of group D-3 be: wheat germ DNA digest. 
Dowex 1-8X , 20cm. X 7/4cm.?. Flow rate, 18 ml. per hour. 
at 260 mu = 77 percent. O, De60/Des0; A, D270/Deo0. 
Cl; 6, 0.10 m Ac, pH 4.0 + 0.06 m Cl- 
Ac, pH 4.0 + 0.13 m CI; 


Column, 
Recovery of absorption 
a, 0.10 m Ac, pH 4.0 + 0.02 m 
;c, 0.10 m Ac, pH 4.0 + 0.08 m Cl-; d, 0.10 m 
e, 0.10 m Ac, pH 4.0 + 0.20m CI-. 


TaBLe II 
Mononucleotide Components of DNase Digests: 





Calf thymus DNA Wheat germ DNA 








Nucleotide ete 





























Per cent of Per cent of 
absorption at 260 Per cent of P absorption at 260 Per cent of P 
my my 

Oe 0 0 | 0.08 0.17 
ee ee eee 0.13 0.17 0.07 0.09 
-... 0.61 0.63 | 0.49 0.49 
he 0.13 0.08 0.13 0.08 
G... 0.07 0.06 0.05 0.04 

Total 0.94 | 0.94 0.82 0.87 
and III. 


Analytical data on the fractions isolated, providing direct ev- 
idence as to their nature, are presented in Table IV. The molar pro- 
portions (per cent of P) listed in Table III are computed by using the 
numerical ratios of ultraviolet absorption to phosphorus given in Table 
IV. 

Recoveries of ultraviolet absorption during these fractionations gen- 
erally range from 91 to 94 per cent, with the exception of the initial DNase 
digest fractionations, for which the recoveries were 98 and 101 per cent, 
and the group D-3 fractionations, for which the recoveries were only 84 








TABLE III 
Dinucleotide Components of DNase Digests 











Calf thymus DNA | Wheat germ DNA 























Dinucleotide 25 Rae ei 7 
Pefion at 260 ma’ | Percent of P_ | Pet.cent of aheorP | Per cent of P 
| 

eer" o* 0 | 0 0 
Ree ee 0.02 0.03 Ol | 0.17 
Sy 0 0 0.31 0.43 
ae ae 0 0 0.43 | 0.41 
__ eee ee 0.72 1.03 1.52 2.08 
EES ae 0.82 1.11 0.48 | 0.63 
Sy, ee 2.42 3.12 1.57 | 1.97 
Ne es. 3.50 3.32 2.43 2.23 
wor ee 0.79 0.87 0.44 0.47 
a tcy Acetone 1.28 1.38 1.11 1.16 
aT. 5: 1.71 1.46 1.68 | 1.39 
Rte ee 2.41 2.77 1.97 | 2.20 
SS ee 0.53 0.46 0.46 0.39 
as sickle Peace 1.44 | 1.17 1.15 | 0.90 
aR. BOR 0.76 «| 0.82 | 0.7 | 0.79 
Total...........| 16.40 17.54 14.42 15.22 





*0 = certainly less than 0.02 per cent. 


TABLE IV 
Analytical Data on Dinucleotide Components 





| 
|Per cent of P released 











. . 17P L 7 Mol io of nucleotides af 
ee | ae Te nied eee 
| a 
ei cana hanndrens 0.187* t t 
: ‘Se ee 0.216* t t 
| a eRe 0.310 52.0 | M:A = 1.02 
a Se 0.217 50.6 M:G = 1.02 
Sr | 0.226 50.2 C only 
a 0.236 50.3 C:T = 1.04 
Spee. 0.322 49.3 C:A = 1.00 
i Re | 0.276 52.5 C:G = 1.08 
SS eee 0.284 51.5 T only 
APRA | 0.360 51.1 T:A = 1.04 
RAG & Aga 0.265 47.0 T:G = 1.07 
MEG So oth <a eens 0.356 | 50.6 A only 
ee er) 0.376 | 51.0 A:G = 1.01 
Se ch scary ean 0.303 46.4 G only 





= optical density at 260 my of a1 cm. path of solution containing | 
y of organic P per ml. 

* Computed value. 

t Composition and magnitude deduced from ultraviolet absorption spectra and 
position in the chromatogram. 


ly P per ml. 
E\ cm. 
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and 77 per cent.5 The values given in Tables II and III are uncorrected 
for these apparently incomplete recoveries, with the exception of the TG 
and AA fractions, which are corrected for loss in their final separation 
(Fig. 4) on the assumption that the losses are in proportion to the amounts 
recovered. In this latter instance, the material to be fractionated was 
composed of a simple and well defined mixture, and such correction is 
considered valid. Because of the poor recoveries of the D-3 groups, the 
values given for GG may be significantly low. 

While the absolute accuracy of the proportions of these fractions is 
uncertain because of the incomplete recoveries, the reproducibility of the 
proportions given appears to be better than +5 per cent. 


DISCUSSION 


Techniques—The utility of the 2 per cent cross-linked resin® for the 
initial separation into groups of nucleotides of similar magnitude is de- 
rived from its converse inefficacy for the separation of nucleotides of simi- 
lar magnitude. Thus, the resolution of mononucleotides on the 2 per 
cent resin is much poorer than on the 8 per cent resin, for which reason it 
is not satisfactory for the separation of the various dinucleotide fractions. 
At pH 5.5 differences in the net charge of nucleotides of the same magni- 
tude are negligible (24); hence the spread of fractions of a given magni- 
tude is presumably caused by variations in affinity for the resin produced 
by secondary valence forces. These forces appear to be appreciably 
stronger for purines than for pyrimidines, resulting in the retardation of 
the elution of the purine-containing fractions. The overlap of nucleo- 
tides of different magnitudes, which begins with the dipurine and tri- 
pyrimidine nucleotides, consequently becomes greater with increasing 
magnitude. 

Over 95 per cent of the DNase digests may be eluted from the 2 per cent 
resin at pH 5.5 by the use of 2 m acetate buffer; by extrapolation then from 
the known affinities of di- and trinucleotides, it may be estimated that the 
largest fractions to occur in the digests in appreciable amount are of the 
order of hepta- or octanucleotides. 


5 The low recoveries of the group D-3 fractionations are probably due to the pres- 
ence of GG. The behavior of diguanylic acid is consistently anomalous; it has been 
impossible to carry out conventional procedures (concentration, lyophilization, 
enzyme digestion) without encountering appreciable loss (disappearance) of this 
substance. This anomalous behavior may possibly be linked to the low solubility 
which might be expected of diguanylic acid. 

* The use of the 2 per cent cross-linked resin was initially suggested to us by Dr. 
Waldo Cohn with the idea that its more open structure might improve the resolution 
of polynucleotides. In our hands, however, the 2 per cent resin has shown no signifi- 
cant advantage over the 8 per cent in this respect. 
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The sequence of elution of dinucleotides at pH 4.0 or 4.3 may be predicted 
accurately from the sequence of elution of their component mononucleo- 
tides (12, 24) at these pH values. This fact, taken together with the 
evidence for the symmetrical form of the elution pattern of individual 
components, indicates that these resins can adsorb and release di- and tri- 
nucleotides as efficiently as mononucleotides. 
Results—The action of pancreatic DNase upon highly polymerized DNA 
evidently results in an extremely complex mixture of mono- and _poly- 
nucleotides of various magnitudes and compositions. The fractions iden- 
tified in this paper account for but one-sixth of the total digest. Represen- 
tatives of almost all of the mononucleotide and dinucleotide fractions are 
present. The quantities of mononucleotides are so small as to suggest the 
possible presence of trace amounts of a phosphodiesterase which might 
occur as an impurity in either the DNA or the DNase. However, it would 
have to be a diesterase of peculiar specificity to account for the marked 
predominance of thymidylic acid among the mononucleotides from both 
thymus and wheat germ DNA. 
The most striking outcome of the dinucleotide analysis is the extraordi- 
narily large amount of 5-methyldesoxycytidylic acid associated with des- 
oxyguanylic acid in both digests. The MG fraction of the thymus DNA 
digest accounts for more than 30 per cent of all the M present. No other 
single fraction accounts for more than 8 per cent of any nucleotide (C in 
CA). It is believed that this association of M and G must represent a 
similar association in the nucleic acid structure. The unusual distribution 
of M in the wheat germ DNA has also been noted by Smith and Markham 
(15). 
_ The molar proportions of mononucleotides among the dinucleotide frac- 

tions differ significantly from their proportions in the entire nucleic acid 
(Table V); in particular the proportion of (C + M) is considerably in- 
creased, while that of A is markedly decreased. Similar observations of 
the excess of pyrimidines in the more readily dialyzable portion of the 
digest have been reported (10, 11). 

With the obvious exceptions of the fractions containing 5-methyldesoxy- 
cytidylic acid, the similarities between the distribution of dinucleotide frac- 
tions from the thymus and wheat germ DNA digests would seem to be 
more remarkable than the differences. Except for these fractions, an ar- 
rangement of the dinucleotide components in order of amount would be 
nearly identical in both digests. Significant differences, both relative and 
absolute, do occur between the proportions of various nucleotides in the 
two digests, but they are not large. It is noteworthy that the total pro- 
portion of mono- and dinucleotides is less in the wheat germ DNA digest 
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than in the thymus DNA digest, although the extent of titratable acid 
release was slightly greater in the former. 

The proportions of the M and C fractions in the wheat germ DNA digest 
as compared to those in the thymus DNA digest indicate that no simple 
correlation can be made, such as the direct substitution of C by M. This 
distribution may, of course, be influenced to some extent by the mode of 
action of the enzyme. 

No conclusive argument can be made from these data as to the specificity 
of the pancreatic DNase. The presence of appreciable amounts of di- and 
trinucleotides of varied composition, with only minute amounts of mono- 
nucleotides, suggests that the action of the enzyme may be to attack some 


TABLE V 
Molar Proportions of Nucleotides in Dinucleotide Fractions and in Whole DNA 








M | Cc T A | G 


Calf thymus DNA 

















Dinucleotides. . | 0.12 | 1.09 1.15 0.85 

Whole DNA*... | 0.067 0.83 | 1.09 | 1.15 0.87 
Wheat germ DNA 

Dinucleotides 0.41 0.80 | 1.09 | 0.75 | 0.95 

Whole DNAt | 0.25 0.65 | 1.10 | 1.11 | 0.89 








*Sinsheimer and Koerner (23). 
t Data obtained by the authors using the methods previously described (23). 


particular internucleotide linkage except when such linkage is terminal 
in the chain fragment, in which case the action may proceed but only very 
slowly.’ Such a specificity would permit the existence of all possible di- 
and trinucleotides in the digest, but would limit the possible composition 
of tetra- and higher nucleotides. 


We are indebted to Dr. Gerhard Schmidt for a generous gift of prostatic 
phosphomonoesterase. 


’ A similar type of specificity has been postulated for malt a-amylase (25, 26) which 
can split 1,4-glycoside linkages unless they are initial or terminal, in which case the 
action proceeds, but very slowly. If a-amylase is allowed to digest amylose to an 
extent comparable with the digestion of DNA by DNase, there is a considerable re- 


semblance among the distributions of products with respect to magnitude in the two 
digests (27). 
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SUMMARY 


1. Ion exchange chromatographic procedures are described for the igo. 
lation of all mono- and dinucleotide fractions from digests of DNA by 
pancreatic DNase. The dinucleotides are obtained as mixtures of the 
two sequential isomers, if both are present. 

2. Analytical data are presented for the proportions of the individual 
mono- and dinucleotide fractions of DNase digests of calf thymus DNA 
and of wheat germ DNA. The total mononucleotide fraction amounts 
to less than 1/100 and the dinucleotide fraction to approximately one- 
sixth of both digests. 

3. Significant differences exist between the relative proportions of di- 
nucleotide components in the thymus DNA and wheat germ DNA di- 
gests, especially among the fractions containing 5-methyldesoxycytidylic 
acid. The dinucleotide containing 5-methyldesoxycytidylic and desoxy- 
guanylic acids is present in unusually large proportions in both digests. 
This one fraction contains over 30 per cent of the 5-methyldesoxycytidylic 
acid present in the case of the thymus DNA digest. 

4, The ratio of pyrimidine to purine nucleotides among the components 
of the dinucleotide fractions is considerably greater than it is in the entire 
nucleic acid. 

5. The significance of these observations is discussed with reference to 
the possible mode of action of the pancreatic DNase. 
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SEPARATIONS OF SOY BEAN INOSITIDE FRACTIONS OF 
LOW PARTITION COEFFICIENT* 


By C. R. SCHOLFIELD anp H. J. DUTTON 


(From the Northern Regional Research Laboratory,{ Peoria, Illinois) 


(Received for publication, December 11, 1953) 


The inositol-containing phosphatides of soy beans have been the sub- 
ject of a number of investigations (1-7) since 1939 when Klenk and Sakai 
(8) first reported the presence of inositol in soy bean phosphatides. Pre- 
vious work at the Northern Regional Research Laboratory (3) has shown 
that the alcohol-insoluble portion of soy bean phosphatides can be sepa- 
rated into two inositol-containing fractions by counter-current distribution 
between hexane and 95 per cent methanol. If free sugars have previously 
been removed by extracting the phosphatides with 55 per cent alcohol, 
then that inositol-containing fraction of lower partition coefficient (the 
one more soluble in methanol) is almost sugar-free (9). We have repeated 
this work on a larger scale with essentially the same results, which are 
shown graphically in Fig.1. In the present paper we wish to report on the 
further fractionation of the material of lower partition coefficient in Tubes 
7 through 13 (Fraction A) and in Tubes 14 through 17 (Fraction B). 
These fractions were chosen for further work because they are low in sugar- 
containing impurities and because the nitrogen, phosphorus, and inositol 
contents of the tubes combined were quite comparable. In our fractiona- 
tion studies we employed two methods: (1) precipitation from chloroform 
solution with methanol, and (2) precipitation from methanol with lead 
acetate. By means of these procedures, it has been possible to separate 
Fractions A and B into a fraction rich in phosphatidyl ethanolamine and 
another rich in nitrogen-free phosphoinositides. Although inositol phos- 
phatidic acids have been reported from other sources (10-12), the present 
communication constitutes the first description of them in soy bean phos- 
phatides. Similarly phosphatidyl ethanolamine has been prepared in com- 
paratively pure state from brain lipides (13) and was, in fact, obtained from 
soy bean phosphatides in 1925 by Levene and Rolf (14) in a concentrate 
containing 25 per cent lecithin. However, the present isolation from the 
fraction of low partition coefficient by the use of lead acetate yields phos- 
phatidyl ethanolamine in 90 to 95 per cent purity and provides a potential 
preparative method. 

* Presented before fall meeting of the American Oil Chemists’ Society at Chicago, 
November 2-4, 1953. 

t One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Service, United States Department of Agriculture. 
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EXPERIMENTAL 


Analytical Methods—Phosphatides were analyzed by methods similar to 
those used in earlier work (3, 9). Phosphorus was determined on samples 
ashed with magnesium nitrate by the method of Truog and Meyer (15), 
Total nitrogen was determined by a micro-Kjeldahl procedure. Samples 
for nitrogen determination by the Burmaster periodate method (16) were 
hydrolyzed by refluxing for 24 hours with 2 N H.SO,. For use in the in- 
ositol assay (17) samples were hydrolyzed with 20 per cent HC! at 120° 
for 16 hours. Hydrolysates of samples which had been treated with lead 
were passed through a cation exchange resin column before inositol assay. 

In the determination of sugar on samples from which free sugars have 
been extracted, higher and probably more correct values are obtained on 
samples refluxed with 2 N H.SO, than on samples hydrolyzed under the 
milder conditions described in a previous paper (9). Sugar values are 
presented in certain instances which have been obtained by both type of 
hydrolysis; those obtained by refluxing with 2 n H.SO, are so indicated. 

Lead was measured approximately by ashing with H.SO, and weighing 
as PbSO,. It was assumed that other cations had been removed by the 
previous fractionation. 

Glycerol was estimated by the procedure of Bradbury (18).  Tripal- 
mitin, used as a reference compound, produced a value 14 per cent too high. 
Appropriate corrections have therefore been applied for the results pre- 
sented in Tables I to IV. 

Preparation of Phosphatide Fractions—The phosphatides were prepared 
in a way similar to that previously described (9). Commercial soy bean 
lecithin was first stirred with acetone. The insoluble material was dis- 

_solved in ether and poured into acetone, and the insoluble material from 
this operation was extracted four times with acetone in a Waring blendor. 
Residual acetone in the precipitate was removed under a vacuum. 

In order to remove free sugar components, the acetone-insoluble phos- 
phatides were dissolved in hexane and extracted four times with 50 per cent 
alcohol. In some cases it was necessary to centrifuge in order to break 
emulsions. The hexane was removed by evaporation under a vacuum at 
about 50°; the residue dissolved in ether was again poured into acetone, 
and the precipitated phosphatides were again extracted three times with 
acetone in the Waring blendor. Residual acetone was again removed under 
avacuum. From 2185 gm. of crude lecithin, 1045 gm. of oil-free, low sugar 
phosphatides were obtained. 

The absolute alcohol-insoluble fraction was prepared by shaking 927 gm. 
of these phosphatides with absolute alcohol. Insoluble material was then 
extracted five times in a Waring blendor with absolute alcohol at room tem- 
perature and six times with absolute alcohol warmed to 50°. The insoluble 
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material was then extracted once more in the Waring blendor with acetone 
and the residual solvent again removed under a vacuum. The weight of 
the absolute alcohol-insoluble fraction was 337 gm. Analytical data on 
this fraction are shown in Table I. 

A twenty-five tube counter-current distribution of 301 gm. of this alco- 
hol-insoluble material was carried out in 5 liter separatory funnels with 2 
liters each of mutually saturated hexane and 95 per cent methanol in each 
funnel. The weight curve and analytical data in the fractions obtained 
are presented in Fig. 1. 

It may be pointed out that the amount of material in the most hexane- 
soluble fraction, Tube 25, is much greater than in previous work (9). This 
is due to the variation of the partition coefficient of the more hexane-soluble 


TaBLe [ 
Composition of Phosphatide Fractions 











4 | N Choline N | Inositol | Glycerol Sugar 
| | 

per cent | per cent | per cent | per cent | per cent per cent 

Alcohol-insoluble fraction 3.50 0.72 | 0.014 | 9.75 | 3.11 
3.23* 

Fraction Af 3.63 0.63 9.17 | | 0.76 

“ Bt 3.46 0.72 7.78 9.0 0.57 
1.43* 

















* Refluxed for 20 hours with 2 Nn H2SQ,. 
+ Fraction A is a combination of Tubes 7 through 13 from the counter-current 


distribution of the alcohol-insoluble fraction; Fraction B is a combination of Tubes 
14 through 17. 


fraction with concentration. In this fraction the partition coefficient is 
found to increase greatly with increasing concentration. Olley (19) has 
previously reported this same behavior. 

It is observed in most of the fractions that the same approximate molar 
ratios of phosphorus to nitrogen to inositol of 2:1:1, found in previous 
work (3), are obtained. The shapes of the curves give no evidence of the 
separation of pure compounds. For further study, Tubes 7 through 13 
Were combined as Fraction A, and Tubes 14 through 17 as Fraction B. 
Data on these samples appear in Table I. Amino nitrogen in both frac- 
tions was shown by paper chromatography to be predominantly ethanol- 
amine. In Fraction B, two very weak spots, one above and one below 
ethanolamine, were also found. 

Fractionation by Treatment with Methanol Chloroform—Woolley (1) and 
Folch (2, 13) isolated inositol phosphatides from soy bean and brain by 
Precipitation from chloroform solution with alcohols. Similar procedures 
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were found of value in this work, and one experiment is described in detail 
as follows: To 34.57 gm. of Fraction A in 200 ml. of chloroform, 1 liter of 
methanol was added. A precipitate formed and was allowed to stand over- 
night at —18°. The supernatant solution was decanted and evaporated to 
give Sample Al. The precipitate was dissolved in 100 ml. of chloroform, 
1 liter of methanol was added, and the solution was again allowed to stand 
overnight at —18°. The supernatant solution was decanted and the pre- 
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Fig. 1. Counter-current distribution of alcohol-insoluble fraction of soy bean 
phosphatides between 95 per cent methanol and hexane in 5 liter separatory funnels. 


cipitate dissolved in 50 ml. of chloroform. 500 ml. of methanol were added, 
and the solution was allowed to stand at 0° overnight. The supernatant 
solution was decanted and the precipitate dissolved in 40 ml. of chloroform. 
500 ml. of methanol were again added, and the supernatant solution was 
decanted from the material insoluble at room temperature. The super- 
natant liquids from the last three precipitations were combined and evapo- 
rated under a vacuum to give an intermediate fraction, No. A2. The 
insoluble material from the last precipitation is Fraction A3. 

Analytical data on these fractions appear in Table II. As can be seen, 
the material is separated into a high nitrogen, low inositol fraction, No. Al, 
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and a low nitrogen, high inositol fraction, No. A3. It is possible that 
improved separation could be obtained after further study of the conditions 
of precipitation. However, more promising results were obtained by treat- 
ment with lead acetate, and the study was concentrated on this procedure. 

Fractionation by Treatment with Lead Acetate—Previous workers (20-22) 
have used basic lead acetate for the purpose of separating a- and 6-cephalins 
before the complex nature of the cephalin fraction was fully recognized. 
Chibnall and Channon (23) prepared the lead salt of phosphatidic acids 
as a step in their purification. In a preliminary experiment 1.336 gm. of 
Fraction A2 were dissolved in 10 ml. of chloroform and 515 ml. of 95 per 
cent ethanol. Addition of 30 per cent lead acetate gave a precipitate. In 
a similar way, with 1.346 gm. of Fraction A2, a precipitate was obtained 
upon addition of 50 per cent cadmium chloride. Both samples were cen- 





























TaBLeE II 
Subfractions Obtained by Precipitation of Fraction A from Chloroform Solution with 
Methanol 
Fraction No. | Weight P N Inositol | Glycerol Sugar Fatty acids 
gm. per cent per cent per cent per cent per cent ber cent A. # 
Al 19.5 3.70 0.90 2.3 10.8 0.39 72.4 286 
A2 14.1 | 3.41 | 0.52 | 12.8 0.90* | 
A3 2.1 3.39 0.23 21.6 8.9 1.58 55.9 | 296 
2.58* | 




















* Refluxed for 20 hours with 2 n H.SOQ,. 


trifuged. The supernatant solutions were evaporated to dryness and both 
the soluble and insoluble fractions taken up in chloroform. The chloro- 
form solutions were washed with 10 per cent acetic acid to remove lead and 
cadmium and then with 30 per cent alcohol to remove residual acetic acid. 
Chloroform was removed by evaporation to give the samples in Table IIT. 
Since lead acetate produced a much better separation on the basis of nitro- 
gen content and since the emulsions formed on washing broke more readily 
than in the cadmium chloride-precipitated sample, lead acetate was used 
in further investigations. 

In several subsequent fractionations difficulty was encountered in re- 
moving all of the lead from the insoluble fraction. This lead was most 
easily detected as lead sulfate in samples digested for Kjeldahl nitrogen or 
as lead oxide in solutions of ash used for phosphorus determination. Be- 
cause of this difficulty, in later preparations excess lead acetate was re- 
moved by washing a chloroform solution of the product with 30 per cent 
alcohol until a negative lead test was obtained with H,SO,, and the insol- 
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uble fraction was isolated as a lead salt or addition compound. One such 
experiment is described as follows: 

A solution of 10.99 gm. of Fraction B in 40 ml. of chloroform was added 
to 865 ml. of methanol and warmed gently to aid solution of the phospha- 
tide in the methanol. This solution was decanted from a trace of insoluble 
material into 250 ml. centrifuge tubes, and 60 ml. of 30 per cent lead ace- 
tate were added. The precipitate was removed by centrifuging and washed 
with 80 ml. of methanol-wash solution (100 ml. of methanol plus 3 ml. of 






































TaB.e III 
Subfractions Obtained by Treatment of Fraction A2 with Cadmium Chloride and Lead 
Acetate 
Fraction | Weight | P | N | Inositol | Sugar 
. ian sis a gm. | per cent per cent | per cent | per cent 
Cadmium chloride-soluble........... | 0.549 | 0.67 | | 1.30 
‘*«  chloride-insoluble.......... | 0.584 | 0.30 | 0.46 
Lead acetate-soluble. ...... -..+-..} 0.455 | 3.31 | 1.04 | 7.2 | 1.48 
“© acetate-insoluble...............| 0.806 3.14 0.12 | 16.2 0.63 
TaBLeE IV 
Subfractions Obtained by Treatment of Fraction B with Lead Acetate 
Fraction | Weight | P N N GBur. Inositol (Glycerol Lead 
fap ae gm. | per cent ow cent |per cent| per cent |per ond |per cent 
B1, insoluble fraction 9.91 | 2.16 | 0.06 6.95 | 5.6 | 32.6 
B2, original soluble fraction 2.41 | 3.82 | 1.80 | 1.65 | <0.2 | 11.0 
B3, intermediate soluble fraction | 0.76 | 3.38 | 1.44 <0.1 | 
. BA, «“ «“ « | 9.24 | 2.44 | 0.84 | | 
B5, Dy si 4 0.13 0.56 | 
B6, - ig ug 0.11 0.27 
B7, «“ «“ “ 0.09 0.21 | 








30 per cent lead acetate). The wash liquid and the soluble fraction were 
combined as the first soluble fraction. The precipitate was dissolved in 
100 ml. of chloroform and added to 1600 ml. of methanol-wash solution. 
After centrifuging, the precipitate was redissolved in 80 ml. of chloroform 
and added to 1600 ml. of methanol-wash solution. The precipitate which 
formed was removed by centrifuging and precipitated in the same way 4 
third, fourth, and fifth time. After this treatment, the insoluble fraction 
was dissolved in 250 ml. of chloroform and washed fourteen times with 30 
per cent alcohol to remove excess lead acetate. The solution was filtered to 
remove a small amount of insoluble material. Chloroform was removed 
undera vacuum. This sample is designated as Fraction B1 in Table IV. 
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The soluble fractions were evaporated to dryness under a vacuum, and 
the residues were dissolved in chloroform. These chloroform solutions 
were washed three times with 30 per cent alcohol, then three times with 
10 per cent acetic acid, and five times again with 30 per cent alcohol. In 
all cases the last acetic acid wash gave a negative lead test with dithizone. 
The solutions were evaporated under a vacuum and the residues listed as 
Fractions B2 through B7 in Table IV. 


DISCUSSION 


As has been shown by previous work, the alcohol-insoluble fraction of 
soy bean phosphatides is separated into two inositol-containing fractions 
by counter-current distribution between hexane and 95 per cent methanol 
(3). Neither of these fractions gives the binomial type of distribution 
curve expected for pure compounds. This is probably due to association 
between the various components as well as to the fact that both fractions 
appear to be complex mixtures. The composition of both of these fractions 
is still largely unknown. This paper discusses two procedures which have 
proved of value for further fractionation of the more methanol-soluble frac- 
tion. 

The principal advantage of the precipitation by organic solvents is that 
the insoluble fraction is recovered in its original state rather than as a lead 
salt. The fact that similar, although less complete, separations are ob- 
tained also furnishes a confirmation for conclusions based upon the lead 
acetate separation. 

In our work fractionation by treatment with lead acetate was much 
more effective. The soluble fraction, No. B2, is undoubtedly mostly phos- 
phatidyl ethanolamine. The phosphorus to nitrogen ratio of 0.96 and the 
phosphorus to glycerol ratio of 1.03 are both in the correct range. Only a 
very small amount of inositol is present. Qualitative paper chromatograms 
together with the Burmaster nitrogen analysis indicate that nearly all of 
the nitrogen is present as ethanolamine. Impurities which produce low 
phosphorus and nitrogen values in the alcohol-soluble fracticn are largely 
absent. Based upon the analyses for total phosphorus and total nitrogen, 
the sample may be calculated to contain 90 to 95 per cent phosphatidyl 
ethanolamine. 

The very low nitrogen content of the material precipitated by lead ace- 
tate makes it almost certain that a nitrogen-free inositol phosphatide is 
present. Such a compound has not previously been reported in soy bean 
phosphatides. However, brain diphosphoinositide prepared by Folch (10) 
appears to be nitrogen-free and Macheboeuf and Faure (11) reported the 
presence of complex inositol-containing phosphatic acids in lipides of the 
tubercle bacillus. Also Faure and Morelec-Coulon have (12) recently 
isolated a glyceroinositophosphatidic acid from wheat germ by precipitation 
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as a barium salt. The molar ratios of Fraction Bl (P-inositol 1.81, P- 
glycerol 1.15, Pb-P 2.26) differ too much from small whole numbers to 
permit reliable assumptions to be made concerning the composition of the 
inositol phosphatide and suggest that it has not yet been obtained in a 
pure form. However, it probably is an inositol-containing phosphatidic 
acid occurring as calcium, magnesium, or potassium salts, since these 
metals have been reported in soy bean inositol phosphatides (1, 2). The 
phosphatidic acid is precipitated as an insoluble lead salt by treatment 
with lead acetate. The reason for the difficulty in removing lead is not 
known. It may be mentioned that Welch (21) also experienced difficulty 
in removing lead from cephalin fractions. 


SUMMARY 


It has previously been shown that the alcohol-insoluble portion of soy 
bean phosphatides can be separated into two inositol-containing fractions 
by counter-current distribution between hexane and 95 per cent methanol. 
It has now been shown that the fraction of low partition coefficient con- 
tains phosphatidyl ethanolamine and a nitrogen-free, inositol-containing 
phosphatide. These can be separated by precipitation of the inositide from 
chloroform solution with methanol or more efficiently by precipitation of 
the inositide from a dilute methanol solution with lead acetate. 


The authors are indebted to H. H. Hall and Margaret C. Shekleton for 
the inositol bioassays; to T. H. McGuire for the phosphorus determinations; 
to C. H. Van Etten and Clara E. McGrew for the nitrogen, glycerol, and 
lead determinations; and to J. C. Cowan for his interest and encourage- 

ment. 


BIBLIOGRAPHY 


1. Woolley, D. W., J. Biol. Chem., 147, 581 (1943). 
2. Folch, J., Federation Proc., 6, 252 (1947). 
3. Scholfield, C. R., Dutton, H. J., Tanner, F. W., Jr., and Cowan, J. C., J. Am. Oil 
Chem. Soc., 25, 368 (1948). 
4. Carter, H. E., Celmer, W. D., McCormick, M. H., Nyman, C. O., and Saunders, 
F. W., Federation Proc., 8, 190 (1949). 
5. Nomura, D., J. Japan. Chem., 3, 145 (1949). 
6. Carter, H. E., Lands, W. E. M., Mueller, K. I., and Tomizawa, H. H., Federation 
Proc. 12, 188 (1953). 
7. Hawthorne, J. N., and Chargaff, E., J. Biol. Chem., 206, 27 (1954). 
8. Klenk, E., and Sakai, R., Z. physiol. Chem., 268, 33 (1939). 
9. Scholfield, C. R., Dutton, H. J., and Dimler, R. J., J. Am. Oil Chem. Soc., 28, 
293 (1952). 
10. Folch, J., J. Biol. Chem., 177, 505 (1949). 
11. Macheboeuf, M., and Faure, M., Compt. rend. Acad., 209, 700 (1939). 
12. Faure, M., and Morelec-Coulon, M. J., Compt. rend. Acad., 236, 1104 (1953). 





13. | 
14. | 
15. | 


17... 


BRESS& 


1. 
ers to 
of the 
lina 
atidie 
these 

The 
tment 
is not 
ficulty 


of soy 
ctions 
hanol. 
t con- 
aining 
e from 
ion of 


on for 
itions; 
1, and 
urage- 


4m. Oil 


unders, 


leration 


soc, 29, 





XUM 


13. 
. Levene, P. A., and Rolf, I. P., J. Biol. Chem., 62, 759 (1925). 
15. 
16. 
¥. 


18. 
19. 
20. 
21. 
22. 
3. 


C. R. SCHOLFIELD AND H. J. DUTTON 469 
Folch, J., J. Biol. Chem., 146, 35 (1942). 


Truog, E., and Meyer, A. H., Ind. and Eng. Chem., Anal. Ed., 1, 136 (1929). 

Burmaster, C. F., J. Biol. Chem., 165, 1 (1946). 

Atkin, L., Schultz, A. S., Williams, W. L., and Frey, C. N., Ind. and Eng. Chem.., 
Anal. Ed., 15, 141 (1943). 

Bradbury, R. B., Mikrochemie, 38, 114 (1951). 

Olley, J., Biochim. et biophys. acta, 10, 493 (1953). 

Nishimoto, V., and Suzuki, B., Proc. Imp. Acad. Japan, 8, 424 (1932). 

Welch, E. A., J. Biol. Chem., 161, 65 (1945). 

Burmaster, C. F., J. Biol. Chem., 165, 565 (1946). 

Chibnall, A. C., and Channon, H. J., Biochem. J., 21, 233 (1927). 





